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F o r m a t i o n  o f  m e t h y l  k e t o n e s  a s  a r t i f a c t s  d u r i n g  s t e a m  

d i s t i l l a t i o n  o f  C h e d d a r  c h e e s e  a n d  b u t t e r - o i l

B y R. C. LAWRENCE
The Dairy Research Institute (N .Z .), Palmerston North, New Zealand 

(Received 1 August 1962)

Summary. A complete range of methyl ketones with odd numbers of carbon atoms 
from C3 to C15 was isolated by steam distillation a t atmospheric pressure from fresh 
butter-oil, cream and Cheddar cheeses of various ages. Evidence was produced to 
show th a t the greater part of these methyl ketones was formed during the heat 
treatm ent of milk fat. The maximum quantities of methyl ketones obtainable from 
butter-oil, determined by exhaustive steam distillation a t atmospheric pressure, 
averaged from 14 ppm. for undecan-2-one to 46 ppm. for pentadecan-2-one. Some 
artifact formation of methyl ketones also occurred, although to much less extent, 
when dairy products containing milk fat were steam distilled under reduced pressure 
a t 40 °C. Possible mechanisms of formation of the methyl ketones are discussed.

Since it proved possible to extract methyl ketones in low concentration from m ature 
cheese a t room tem perature, it is evident th a t milk fat may contain precursors which 
break down to methyl ketones slowly during cheese ripening, this breakdown being 
accelerated a t higher temperatures. Methyl ketones may therefore play a part in 
Cheddar flavour, bu t a previous report from this Institu te th a t the time of first 
appearance of certain methyl ketones of odd numbers of carbon atoms above C5 in 
steam distillates, a t atmospheric pressure from Cheddar cheese, coincided with the 
appearance of the typical Cheddar flavour was not confirmed.

The significance of methyl ketones in relation to the flavour or aroma of cheeses 
has been investigated by a number of workers. I t  would appear th a t these substances 
are im portant constituents of the flavour of mould-ripened cheeses (e.g. Morgan & 
Anderson, 1956) bu t their contribution to the flavour of other types of cheese is not 
so clearly established. Harvey & Walker (1960) isolated a range of methyl ketones 
with odd numbers of carbon atoms from C3 to Cu  by steam distillation of Cheddar 
cheese a t atmospheric pressure and considered th a t their time of first appearance and 
increase in concentration were correlated with the increase in intensity of the Cheddar 
flavour as the cheeses matured. Similarly, Jackson (1958), using steam distillation 
a t atmospheric pressure to concentrate the Cheddar flavour, found heptan-2-one, 
nonan-2-one, butyraldehyde and diacetyl by subsequent gas chromatographic 
examination. The peaks corresponding to these carbonyls seemed, however, to have 
no relation to cheese aroma. Other workers (Day, Bassette & Keeney, 1960; Patton, 
Wong & Forss, 1958; Day & Keeney, 1958) isolated a range of odd-numbered methyl 
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R .  C . L a w r e n c e

ketones, as well as other carbonyls, from Cheddar cheese by distillation under 
reduced pressure at temperatures between 4G and 50 °C.

In contrast, however, to the above findings it is significant that when the extrac
tion of carbonyls was carried out at room temperature (Bassett & Harper, 1958; 
Kristoffersen & Gould, 1959) no trace of methyl ketones other than acetone was 
obtained. This suggests that the methyl ketones isolated by other workers may have 
been artifacts produced by the elevated extraction temperatures. This is a criticism 
which could apply to all extraction methods involving heating of the cheese slurry, 
since if methyl ketones are being formed as artifacts at 100 °C, it is also probable that 
a similar breakdown would occur to some extent at the lower temperatures (40-50 °C) 
employed by some workers.

The isolation by Patton & Tharp (1959) of the same range of odd-numbered methyl 
ketones by the distillation of butterfat at 200 CC gives further weight to the possibility 
of the methyl ketones being artifacts, as does the observation of Bassett & Harper
(1958) that the yield of heptan-2-one and nonan-2-one from blue cheese is increased 
by heating the cheese slurry for 10 min at 100 °C. More recently Boldingh &  Taylor
(1962) have obtained a range of methyl ketones with odd numbers of carbon atoms 
from C7 to C15 by the steam distillation at 180 °C of butter-oil, from which volatile 
carbonyls had been removed completely by high-vacuum degassing.

The possibility of artifact formation was considered by Harvey & Walker (1960), 
but they concluded that the methyl ketones obtained in their work were not formed 
during the distillation but were present as such in Cheddar cheese. However, the 
point did not seem to be clearly established and this investigation was therefore 
undertaken in an attempt to estimate more precisely the concentration of the various 
carbonyl compounds in Cheddar cheese and to determine whether, and if so to what 
extent, methyl ketones were formed as artifacts during distillation.
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METHODS

M a t e r ia l s

The cheeses used were manufactured in the Institute factory by normal New 
Zealand commercial methods. They were kept at 13 °C for 2 weeks and then at 
7 °C for the remainder of the ripening period.

Cheese-oil was obtained by grating the cheese, placing it in centrifuge tubes and 
melting it in a 60 °C water bath. The melted cheese was centrifuged for 5 min at 
2000 rev/min and the cheese-oil then poured oif. Butter-oil was prepared by melting 
fresh butterfat in centrifuge tubes and centrifuging as for cheese-oil.

C o lle c t io n  o f  v o la t i le s  

S te a m  d i s t i l l a t i o n  a t  a tm o s p h e r ic  p r e s s u r e

For experiments with cheeses 1 kg portions (except in preliminary experiments when 
500 g were used) were coarsely grated, covered with a litre of distilled water and 
steam distilled at atmospheric pressure. Preliminary experiments showed that the 
yield of carbonyls from a cheese was dependent upon the rate of distillation, and in 
an attempt to standardize the procedure it was therefore arranged that the rate of



distillation was uniform. The distillate was led directly into 100 ml of 2,4-DNP 
hydrazine (throughout this paper 2,4-DNP denotes 2,4-dinitrophenyl) in 2n-HC1 and 
the distillate-reagent mixture was then held at room temperature for 24 h. The
2.4- D N P  hydrazones w ere e x tra c te d  w ith  carbony l-free  chloroform , p rep a red  ac 
cording to  Schw artz  & P a rk s  (1961), a n d  th e  e x tra c t  ev ap o ra ted  to  d ryness. T he 
hydrazones w ere ta k e n  u p  again  in  th e  m in im um  q u a n tity  o f p e tro leu m  e th e r  or 
hex an e  for su b seq u en t co lum n ch ro m ato g rap h y .

For experiments with cheese-oil, 400 g portions were obtained from cheeses as 
described above. In similar experiments 400 g portions of butter-oil and 1 kg 
portions of cream were used. The quantities of fat were thus approximately the same 
in all the materials used.

S te a m  d i s t i l l a t i o n  u n d e r  r e d u c e d  p r e s s u r e

This was carried out as at atmospheric pressure except that the pressure in the 
apparatus was reduced to keep the temperature of distillation at approximately 40 °C.

C o n t i n u o u s  s t r i p p i n g  o f  v o la t i le s  f r o m  ch eese  e x tr a c t  w i th  n i t r o g e n  a t  r o o m  te m p e r a tu r e  

1 kg of the cheese was blended with 1500 ml of carbonyl-free benzene. The benzene 
filtrate was placed in a flask in a closed circuit including a trapping solution of
2.4- DNP hydrazine and a sealed pump (Reciprotor). The apparatus was flushed 
with nitrogen to displace air and the system was sealed. The nitrogen was circulated 
continuously for 2 weeks by means of the pump.

C h r o m a to g r a p h ic  s e p a r a t io n  o f  2,4-DNP h y d r a z o n e s  

Initial separation of the 2,4-DNP hydrazones was done in preliminary experiments 
by the method of Monty (1958) but the column partition chromatography method of 
Day e t a l . (1960) was subsequently found to be more suitable and was employed for 
all later work.

I d e n t i f i c a t io n  o f  2,4-DNP h y d r a z o n e s

Tentative identification of the 2,4-DNP hydrazones was accomplished by com
paring retention volumes of the unknown derivatives with those reported by Monty
(1958) and Day e t a l . (1960) for known derivatives. The fractions from the column 
were collected separately and evaporated to dryness for subsequent paper chromato
graphic analysis. The method of Huelin (1952) was used to identify carbonyls up to 
C7 and that of Klein & de Jong (1956) for carbonyls from C6 to C15. The method of 
Lynn, Steele & Staple (1956) was used to confirm the identification of the inter
mediate carbonyls from C4 to C9.

Further identification of the 2,4-DNP hydrazones was possible by measurement of 
their light-absorption maxima in ethanol and particularly by fading studies of their 
spectra in alkaline ethanolic solution according to Jones, Holmes & Seligman (1956). 
Particular attention was paid to the subsidiary peak in the 520 mp region which 
disappeared with saturated aliphatic aldehydes but persisted with saturated ali
phatic ketones. For this purpose a suitable portion of the 2,4-DNP hydrazone of an 
unknown carbonyl from the column, or spot eluted from a paper chromatogram, was

11-2
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mixed with 0-25 N-ethanolic sodium hydroxide and the absorption spectrum in the 
500-540 mp region measured immediately and again after an interval of 90 min.

By these methods it was possible not only to identify the methyl ketones present 
but also to obtain quantitative comparisons of their concentration. In preliminary 
experiments, methyl ketones not normally found in cheese distillates were added in 
known concentrations to cheeses of various ages and to butter-oil, and recovery 
experiments carried out as reported later. The 2,4-DNP hydrazones of the methyl 
ketones found in the steam distillates could thus be compared directly against markers 
of known concentration. Because of the large number of samples involved, this 
method was employed to obtain the exploratory results presented in Table 1, which 
are therefore semi-quantitative only.

For more accurate quantitative estimations, known weights of the 2,4-DNP 
hydrazones of each of the methyl ketones with odd numbers of carbon atoms from 
C3 to C15 were dissolved in alcohol and standard curves prepared relating absorption 
at 362 nip to original concentration of methyl ketones. Having identified a methyl 
ketone it was thus possible to obtain a measure of the quantity present in the dis
tillate. However, as pointed out by Wong, Patton & Forss (1958), a difficulty in the 
estimation of methyl ketones in this type of investigation is the non-quantitative 
nature of the reaction of carbonyls with the 2,4-DNP hydrazine reagent. It was not 
found possible to standardize completely the procedure of steam distillation at 
atmospheric pressure and reproducibility for the same sample of cheese or of butter- 
oil was found to be about ±5%  for C7 and C9 and ± 15% for the other methyl 
ketones. Nevertheless 2,4-DNP hydrazine at present continues to be the most satis
factory reagent available for the isolation and identification of carbonyl compounds.

RESULTS

S te a m  d i s t i l l a t i o n  a t  a tm o s p h e r ic  p r e s s u r e

In preliminary experiments, steam distillations of cheese slurries were carried out 
as described by Harvey & Walker (1960), 500 g of cheese being distilled and only 
the first 200 ml of distillate collected. A range of methyl ketones with odd numbers 
of carbon atoms from C3 to C15 was obtained from cheese of all ages with no indication 
of significant differences in methyl ketone pattern with increasing maturity of the 
cheeses. It was, however, noted that considerably larger quantities of methyl 
ketones could be obtained by continuing the distillation for longer periods and that 
the concentration of methyl ketones in successive 200 ml fractions of distillate did 
not decrease appreciably until at least 1000 ml of distillate had been collected. Typical 
results are shown in Table 1.

In contrast to this persistence of methyl ketones with odd numbers of carbon atoms, 
when known amounts of hexan-2-one, octan-2-one and decan-2-one (even carbon 
number methyl ketones not normally present in cheeses) were added to water, butter- 
oil and cheese slurries, decreasing concentrations of these substances were recovered 
in successive 200 ml fractions of distillate as expected. Traces of these ketones were 
present in the fourth 200 ml fraction collected but they were not detected in sub
sequent fractions of distillate. Recoveries were almost quantitative from water and 
butter-oil and 85-95 % from cheese slurries.



These findings suggested that part at least of the methyl ketones, obtainable from 
cheese by steam distillation at atmospheric pressure, were not present as such in the 
cheese but were being formed as artifacts during the distillation. Any methyl 
ketones present in the free state in cheese at least up to Cu would be expected to 
distil over in the first 1000 ml of distillate collected and experiments were carried 
out in which cheeses of various ages from 1 day to 13 months were distilled, 1 1 of 
distillate being collected and analysed for methyl ketones. As the results shown in
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Table 1. R e la t i v e  c o n c e n tr a t io n s  o f  c a r b o n y ls  i n  s u c c e s s iv e  ZOO m l  f r a c t i o n s  o f  s te a m  
d is t i l la te s  a t  a tm o s p h e r ic  p r e s s u r e  f r o m  ch e e se , b u t te r -o i l  a n d  c r e a m  (f a t  c o n te n t  o f  ea c h  
s a m p le  a p p r o x i m a t e l y  200 g)

200 ml
fractions*

Methyl ketones (mg) in each fraction Aldehydes

Age c 3 C4 c 5 c 7 Co Cu c'“'13 cM c, c 2
heese A 1 day 1st 0-3 0 0-2 0-3 0-1 Tr Tr Tr Tr 0-2

2nd-5th 0-2 0 01 0-4 0-1 Tr Tr Tr 0 0
heese B 12 days 1st 0-3 Tr 0-2 0-4 0-1 Tr Tr 0 0 0-1

2nd-5th 0-1 0 0-1 0-3 0-2 0-1 Tr Tr 0 0
!heese C 6 months 1st 0-1 0-2 0-2 0-2 0-1 0-1 0 0 Tr 0-1

2nd-5th 0-2 0 01 0-3 0-2 0-1 Tr Tr 0 0
!heese D 13 months 1st 0-2 0-2 0-3 0-4 0-2 0-1 Tr Tr Tr Tr

2nd-5th 0-1 0 0-2 0-3 01 0-1 Tr Tr 0 0
ream (40 % From fresh lst-2nd 0-1 0 0-2 0-3 0-2 01 Tr Tr 0 0-2
butterfat) milk 3rd-5th 0-2 0 0-2 0-4 0-3 0-1 Tr Tr 0 0-2
iutter-oil From freshly lst-3rd 0-3 0 0-2 0-4 0-2 01 Tr Tr 0 0

made butter 4th-5th 0-3 0 0 1 0-5 0-2 0-1 0-1 Tr 0 0
The grouping of several fractions indicates that each had approximately the same concentration of carbonyls. 

Tr =  trace, i.e. less than 005 mg; 0 =  not detected.

Table 2. V a r ia t io n  i n  c o n c e n tr a t io n  o f  m e th y l  k e to n e s  f o u n d  i n  1000 m l  s te a m  d is t i l l a te s  

a t  a tm o s p h e r ic  p r e s s u r e  f r o m  ch e e se , c h e e se -o il , b u t te r - o i l  a n d  c r e a m  (f a t  c o n te n t  o f  ea c h  

s a m p le  a p p r o x i m a t e l y  400 g)
Methyl ketones, mg

Age C3 c 4 c 5 c, C9 c„ Ci3 c 15
Cheese E 1 day 1-9 0 1-7 4-0 11 0-3 0-3 0-1
Cheese F 1 month 1-4 0-1 11 3-7 1-2 0-5 0-2 0-2
Oil from Cheese F 1 month 1-4 0 0-3 3-7 1-3 0-5 0-2 01
Cheese G 9 months 1-9 0-6 1-1 4-1 1-3 0-6 0-3 0-2
Cheese H 9 months 1-5 0-9 1-8 3-4 1-2 0-5 0-3 0-2
Oil from Cheese H 9 months 1-0 0-3 0-7 30 0-8 0-3 0-3 0-3
Cheese D 13 months 1-4 0-3 1-1 3-3 1-5 0-3 0-1 0-1
Butter-oil 1 day 1-9 0-1 1-2 5-4 1-7 0-5 0-3 0-1
Cream Fresh 1-4 0-1 0-6 3-4 1-3 0-5 0-2 0-2

0 =  not detected.

Table 2 indicate, alkan-2-ones with odd numbers of carbon atoms from C3 to C15 were 
identified in approximately the same total and relative concentrations in each of the 
cheeses irrespective of age. In general the relative concentrations were heptan-2-one 
> acetone > pentan-2-one > nonan-2-one > undecan-2-one > tridecan-2-one > 
pentadecan-2-one. In addition to the five cheeses reported in Table 2, nine other 
cheeses aged between 1 day and 9 months were examined and showed little variation
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from this general pattern. There were, however, significantly higher concentrations 
of butan-2-one found in mature cheese than in young cheese. That the methyl 
ketones, or their precursors, were associated with the fat fraction of the cheese was 
shown by ‘oiling off’ samples of cheese, and steam distilling the cheese-oil obtained. 
These cheese-oils yielded the same range and relative concentrations of methyl 
ketones as did the cheeses from which they had been prepared (Table 2). The associa
tion of methyl ketones or their precursors with the fat phase was further demonstrated 
by the steam distillation at atmospheric pressure of fresh cream (40 % fat) and also 
of fresh butter-oil obtained by oiling off the butter from similar cream. As Table 2 
shows, the same range and relative concentrations of methyl ketones from C3 to C13

Table 3. V a r ia t io n  i n  c o n c e n tr a t io n  o f  m e th y l  k e to n e s  f o u n d  i n  s u c c e s s iv e  1000 m l  

f r a c t i o n s  o f  s t e a m  d i s t i l l a te  a t  a tm o s p h e r ic  p r e s s u r e  o f  1 k g  o f  a  1 -m o n th - o ld  C h e d d a r  

ch eese
Methyl ketones, mg

Fraction c 3 c 5 c, c„ c„ Cl3 c 15
1 2-3 2-1 4-8 2-0 1-4 0-3 0-2
2 2-5 1-0 2-1 T2 1-4 0-4 0-3
3 2-0 0-5 0-6 0-7 1-3 0-6 0-3
4 2-1 0-4 0-4 0-4 0-6 0-6 0-5
5 1-3 Tr Tr 0-1 0-4 0-0 0-6
6 11 Tr 0 Tr 0'2 0-5 0-5
7 1-0 0 0 0 Tr 0-3 0-5
8 0-6 0 0 0 Tr 0-3 0-4
9 0-9 0 0 0 Tr 0-3 0-4

10 0-5 0 0 0 Tr 0-3 0-5

Tr = Trace, :i.e. less than 01 mg; 0 = not detected.

Table 4. V a r ia t io n  i n  c o n c e n tr a t io n  o f  m e th y l  k e to n e s  f o u n d  i n  s u c c e s s iv e  1000 m l  

f r a c t i o n s  o f  s t e a m  d i s t i l l a te  a t  a tm o s p h e r ic  p r e s s u r e  o f  400 g f r e s h  b u tte r -o i l

Methyl ketones, mg

Fraction c 3 c 5 C, c„ c„ c 13 C15
1 2-8 1-9 5-5 1-8 M 0-3 0-1
2 2-1 1-0 2-4 1-8 1-9 0-6 0-2
3 2-0 1-2 M 1-2 0-9 0-6 0-6
4 1-2 0-5 0-5 1-0 M 0-8 0-5
5 1-4 0-4 0-5 0-8 0-9 0-8 0-5
6 1-0 0-5 0-3 0-8 0-8 0-7 0-8
7 0-6 0-3 Tr 0-5 0-6 0-9 0-8
8 0-6 Tr Tr Tr 0-2 0-4 0-9
9 0-7 Tr 0 0 Tr 0-3 0-8

10 0-5 Tr 0 C Tr 0-4 0-6

Tr = trace, i.e. less than 0-1 mg; 0 = not detected.

were obtained as before. Furthermore, successive 200 ml fractions of distillate from 
cream and butter-oil showed the same pattern of methyl ketone persistence as did 
comparable fractions from cheeses (Table 1) indicating that the same type of pre
cursor breakdown was probably occurring in cream and butter-oil as in the cheeses.

As shown in Tables 3 and 4, exhaustive steam distillation of cheese or butter-oil 
results in a slow decrease in concentration of the C3 to Cu methvl ketones in successive
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litre fractions of distillate. Individual methyl ketones, however, varied markedly in 
their persistence, and the close similarity between the two tables affords further 
evidence of the identity of the precursors of the methyl ketones in butter-oil and in 
cheese. Thus the 10 1 of distillate collected contained all the heptan-2-one and nonan-
2-one, present as such or formed as artifacts during heat treatment, and most of the 
pentan-2-one and undecan-2-one, but recovery of acetone, tridecan-2-one and 
pentadecan-2-one was still incomplete. Further experiments were therefore carried 
out in which smaller quantities (10 g) of butter-oil were exhaustively distilled until 
no further methyl ketones could be detected in 2 1 fractions of distillate. In using 
these smaller quantities of butter-oil the dimensions of the apparatus were cor
respondingly reduced to ensure effective steam distillation. It was found necessary 
to collect 10 1 of distillate. Total concentrations of methyl ketones so obtained from 
two separate samples of butter-oil are shown in Table 5.

The results of the above experiments indicated that extraction procedures in
volving high temperatures were of doubtful value for the estimation of preformed 
methyl ketones in dairy products containing milk-fat. Alternative methods of 
extraction involving less drastic heat treatment were therefore investigated.

Table 5. C o n c e n tr a t io n  o f  m e th y l  k e to n e s  { p p m .)  o b ta in e d  f r o m  tw o  b u t te r -o i l  

s a m p le s  b y  e x h a u s t iv e  s t e a m  d i s t i l l a t i o n  a t  a tm o s p h e r ic  p r e s s u r e

100 ° c
__________________________A,__________________________

M e t h y l  k e t o n e s  a s  a r t i f a c t s

1 2 Average 180°C*

C3 45 39 42 —

C5 16 10 13 —

C, 28 22 25 12
Co 20 12 16 9
Cu 15 13 14 13
Cu 28 20 24 22
CI5 51 41 46 42

* As reported by Boldingh & Taylor (1962).

S te a m  d i s t i l l a t i o n  u n d e r  r e d u c e d  p r e s s u r e

Experiments were carried out in which cheeses, cream and butter-oil were steam 
distilled at 40 ° C  under reduced pressure. Under these conditions the same range of 
methyl ketones with odd numbers of carbon atoms from C 3 to C 15  was obtained but 
the yields were very considerably lower than from corresponding samples steam 
distilled at atmospheric pressure. At 40 °C, however, there was still evidence of the 
formation of methyl ketones as artifacts. Thus in recovery trials in which 2 mg of 
octan-2-one was added to butter-oil and cheese, it was found that all the recoverable 
octan-2-one came over in the first three 250 ml fractions of distillate. In contrast 
acetone, pentan-2-one and heptan-2-one were present in the fourth 250 ml fraction 
in approximately the same concentrations as in each of the first three 250 ml fractions 
indicating, as in the case of steam distillation at 100 ° C ,  that they were being formed 
as artifacts during distillation. However, the concentrations of methyl ketones found 
in low-temperature distillates from mature cheeses were greater than those obtained 
under the same conditions from young cheeses, cream or butter-oil, particularly the
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methyl ketones from C7 to C15. Since the quantities of fat were approximately the 
same in all samples it is probable that not all of the methyl ketones obtained from 
mature cheese were formed as artifacts during distillation and that some at least 
were present as such in the cheeses.

That methyl ketones could be produced by heat treatment of cheese was further 
demonstrated in an experiment in which 1 kg of a 13-month-old cheese was refluxed 
for 2 h at 100 °C and then steam distilled at 40 °C under reduced pressure. As shown 
in Table 6 the preliminary heat treatment increased the yield of methyl ketones very 
considerably and also altered their relative concentrations. After refluxing, acetone, 
nonan-2-one and undecan-2-one were the most abundant methyl ketones whereas, in 
a sample of the same cheese distilled at 40 °C without prior heat treatment, acetone 
and pentadecan-2-one were found in greatest concentrations.

Table 6. E f f e c t  o f  p r i o r  r e f lu x in g  o n  c o n c e n tr a t io n s  o f  m e th y l  k e to n e s  f o u n d  i n  1000 m l  

s te a m  d i s t i l l a te s  o b ta in e d  u n d e r  r e d u c e d  p r e s s u r e  a t  40 °C f r o m  1 k g  p o r t io n s  o f  a  
\% -m o n th -o ld  ch eese

Methyl ketones, mg

Portion c 3 c 6 C7 c. Cn c 13 c 16
1 0-1 Tr Tr Tr Tr Tr 0-1
2* 0-9 0-2 0-2 0-4 0-3 0-1 0-1

Tr = trace, i.e. less than 01 mg.
* Second portion was refluxed for 2 h at 100 °C before steam distillation.

C o n t i n u o u s  s t r i p p i n g  o f  v o la t i le s  f r o m  ch eese  e x tr a c ts  w i t h  n i t r o g e n  a t  r o o m  te m p e r a tu r e

Further evidence indicating that free methyl ketones do exist in mature cheese 
was provided by passing nitrogen continuously through benzene extracts of the 
cheese for 2 weeks at room temperature. The homologous series of methyl ketones 
with odd numbers of carbon atoms from C3 to C9 was found in a 6-month-old cheese 
and from C3 to Cn in a 9-month-old cheese. Butan-2-one also was found in both 
cheeses and hexan-2-one in the 9-month-old cheese. The amounts of methyl ketones 
obtained were very small, and were of the order of 5 % of those obtained by steam 
distillation at atmospheric pressure. When, however, a further 1 kg of the same
9-month-old cheese containing 2 mg of added heptan-2-one was extracted with 
benzene, approximately 40% of the heptan-2-one was recovered by passage of 
nitrogen continuously through the apparatus for 2 weeks. This method of extraction 
was thus shown to be capable of stripping free methyl ketones from the benzene 
extract of cheese when they were present. This is further evidence that a considerable 
portion of the methyl ketones found in distillates at atmospheric pressure are artifacts.

D I S C U S S I O N

The results obtained in the present investigation show that methyl ketones are 
readily produced as artifacts during extraction procedures which involve the heating 
of dairy products containing milk fat. Thus on steam distillation at atmospheric 
pressure, cream, butter-oil, cheese-oil and Cheddar cheeses from 1 day to 13 months 
old all gave the same range of methyl ketones with odd numbers of carbon atoms 
from C3 to C15. The persistence during distillation of these substances indicated that
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the greater proportions were being formed as artifacts. As shown in Table 5 the 
concentrations of methyl ketones obtained by exhaustive steam distillation of 
butter-oil at 100 ° C  are in agreement with those given by Boldingh & Taylor (1962) 
for distillation of butter-oil at 180 °C. These appear to be the maximum concentra
tions of the methyl ketones obtainable by distillation and indicate that the pre
cursors are present in relatively small amounts in milk fat. The concentrations of 
these precursors would not necessarily be identical in different samples of butter-oil, 
since the fatty acid composition of different milk fats is not uniform. The average 
values given in Table 5 are also confirmed by totalling concentrations of methyl 
ketones found in the successive fractions of cheese and butter-oil (Tables 3 and 4). 
The close similarity of the values for cheese and butter-oil affords further evidence 
of the identity of the precursors of the methyl ketones in both products.

Patton & Keeney (1958) have identified pentadecan-2-one and possibly tridecan -
2-one in the high-melting glyceride fraction of milk fat, associated with the protein- 
phospholipid complex in the so-called membrane of milk fat globules. However, in 
general the rate at which the methyl ketones distil (Tables 3 and 4) would suggest that 
they are not present in the free state, since, under such circumstances, as distillation 
proceeds one would expect the exponential decrease in the concentrations of the methyl 
ketones that normally obtains for simple distillation procedures (Scott, 1955). This is 
approximately true of heptan-2-one only but not at all for the other methyl ketones.

On the basis of pyrazalone formation with Girard-T reagent, Boldingh & Taylor 
(1962) suggested that /3-keto acids are present in small amounts in bound form in butter. 
Such keto acids would seem likely precursors of methyl ketones since by simple 
decarboxylation they would yield methyl ketones containing one less carbon atom. 
The presence of keto acids with even numbers of carbon atoms from C4 to C 16  is con
sistent with the results of Popjak, French, Hunter & Martin (1951) who, analysing 
milk fat after the intravenous injection of radioactive acetate with a lactating goat, 
found that fatty acids higher than palmitic possessed very little radioactivity. This 
was further confirmed by experiments with lactating-rat mammary gland (Dils & 
Popjak, 1962). When optimum conditions for fatty acid synthesis were used all the 
‘ even-numbered ’ straight chain fatty acids from C 8 to C18 were synthesized as well 
as a small amount of oleic acid. The major components, however, were in the chain 
length range C 10 - C 1 6 . The generally accepted view (e.g. Folley & McKaught, 1961) is 
that all fatty acids in milk fat up to and including palmitic are formed mainly by 
stepwise elongation of a shorter acid by addition of a C2 compound derived from 
acetate, whereas C18 acids derive mainly from the blood or from precursors other than 
acetate. It is possible that traces of the keto acids formed from acetate as inter
mediates in fatty acid synthesis become incorporated into the triglyceride molecule 
of milk fat, and that they break down on heating to give a range of methyl ketones 
with odd numbers of carbon atoms up to C15. It seems significant that no heptadecan-
2-one could be detected in any of the samples examined despite the relatively large 
amounts of C 18  acids in milk fat. This hypothesis is supported by work now in pro
gress in this laboratory with radioactive milk fat (to be reported in detail later). The 
methyl ketones obtained by steam distillation of milk fat from a cow injected intra
venously with radioactive acetate have, with the exception of acetone, been found 
to be radioactive, indicating that their precursors had been derived from acetate.

M e t h y l  k e t o n e s  a s  a r t i f a c t s
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Many workers have isolated a homologous series of methyl ketones with odd carbon 
numbers from cheese distillates. It has been suggested (Harvey & Walker, 1960) that 
the time of first appearance of certain methyl ketones above C5 coincided with the 
appearance of the typical Cheddar flavour. Since such ketones were found not only 
in distillates from cheese of any age but also from fresh butter-oil it is evident that 
this is not the case. The above findings throw doubt on some of the evidence which 
has been advanced in support of the hypothesis that a homologous series of methyl 
ketones is formed as biological products during Cheddar cheese-ripening. Since, how
ever, methyl ketones are obtained from mature cheese at room temperature, it is 
possible that the breakdown of precursors which occurs rapidly on heating of milk 
fat may also take place slowly at ripening temperatures, resulting in the formation of 
relatively small quantities of a range of methyl ketones as the cheese matures. Some 
methyl ketones may also be formed by enzyme action during cheese-ripening. For 
instance butan-2-one was found in comparatively large concentrations in some mature 
cheeses but not detected in appreciable amounts in butter-oil or young cheese. 
Scarpellino (1961) has also identified butan-2-one as a major volatile constituent of 
Cheddar cheese and has reported that an aqueous solution of butan-2-one, butyric 
acid, acetic acid and methionine gives an aroma akin to that of Cheddar cheese.

It is evident, however, that new methods will have to be employed in the quanti
tative examination of cheese in order to differentiate between methyl ketones present as 
such in ripening cheese and those formed as artifacts during the extraction. The further 
question of whether they play any part in cheese flavour then has still to be answered.

The author gratefully acknowledges the helpful advice of Dr W. A. McGillivray 
and the technical assistance of Miss Hannah Watt.

R E F E R E N C E S

Bassett, E. W. & Harper, W. J. (1958). J .  Dairy Sci. 41, 1206.
Boldingh, J. & Taylor, R. J. (1962). Nature, Land., 194, 909.
Day, E. A., Bassette, R. & Keeney, M. (1960). J .  Dairy Sci. 43, 463.
Day, E .  A. & Keeney, M. (1958). J .  Dairy Sci. 41, 718.
Dils, R. & Popjak, G. (1962). Bi ochem.  J .  83, 41.
Folley, S. J. & McNaught, M. L. (1961). M ilk: The Mammary Gland and Its Secretion. Chapter 12.

Ed. by Kon, S. K. & Cowie, A. T. New York: Academic Press Inc.
Harvey, R. J. & Walker, J. R. L. (1960). J .  Dairy Res. 27, 335.
Huelin, E. F. (1952). Aust. J .  Sci. Res. Series B, 5, 328.
Jackson, H. W. (1958). Perfum. Essent. Oil Rec. 49, 256.
Jones, L. A., Holmes, J. C. & Seligman, R. B. (1956). Anal. Ohem. 28, 191.
K lein, F. & de Jong, K. (1956). Rec. trav. chim. 75, 1285.
Kristoffersen, T. & Gould, I. A. (1959). 15th Int. Dairy Congr. 2, 720.
Lynn, W. S., Steele, L. A. & Staple, E. (1956). Anal. Ghern. 28, 132.
Monty, K. J. (1958). Anal. Chem. 30, 1350.
Morgan, M. E. & Anderson, E. O. (1956). J .  Dairy Sci. 39, 253.
Patton, S. & Keeney, P. G. (1958). J .  Dairy Sci. 41, 1288.
Patton, S. & Tharp, B. W. (1959). J .  Dairy Sci. 42, 49.
Patton, S., Wong, N. P. & Forss, D. A. (1958). J. Dairy Sci. 41, 857.
Popjak, G., French, H. T., Hunter, G. D. & Martin, A. J. P. (1951). Biochem. J .  48, 612. 
Scarpellino, R. J. (1961). Diss. Abstr. 22, 421.
Schwartz, D. P. & Parks, O. W. (1961). Anal. Chem. 33, 1396.
Scott, J. K. (1955). J .  Dairy Res. 22, 302.
Wong, N. P., Patton, S. & Forss, D .  A. (1958). J .  Dairy Sci. 41, 1699.

P r in te d  i n  G reat B r i ta in



J .  D a ir y  E e s . (1963), 30, 171 171

T h e  d e t e r m i n a t i o n  o f  c i t r i c  a c i d  i n  m i l k  a n d  m i l k  s e r a

B y  J. C. D. WHITE a n d  D. T. DAVIES
T h e  H a n n a h  D a i r y  R e s e a r c h  I n s t i t u t e ,  A y r ,  S c o t la n d

(.R e c e iv e d  10 S e p te m b e r  1962)

S ummary'. The accuracy of methods that utilize the colour-forming reaction between 
pyridine, acetic anhydride and citric acid for the determination of citric acid in milk and 
milk sera has been examined. A method based on that of Saffran & Denstedt (1948), 
in which a trichloroacetic acid (TCA) filtrate is used, gave values 3-5% low for the 
citric acid content of both milk and milk ultrafiltrate. The method of Marier & Boulet
(1958), in which aqueous samples are analysed, gave an accurate value for the citric 
acid content of milk ultrafiltrate but a value about 34% high for the citric acid 
content of milk. The same technique but applied to aqueous-NaOH samples (Marier 
& Boulet, 1960) gave values about 7 % high for the citric acid content of milk and 
about 3 % high for the citric acid content of ultrafiltrate. However, a method using 
the technique of Marier & Boulet and TCA filtrate gave accurate values for the citric 
acid content of both milk and milk ultrafiltrate.

As methods for the determination of citric acid in milk that are based on the forma
tion of pentabromoacetone are slow and laborious, methods utilizing the colour
forming reaction between pyridine, acetic anhydride and citric acid have been 
favoured in recent years. Flirth & Herrmann (1935) appear to have discovered this 
reaction which, under their experimental conditions, is probably a condensation 
between pyridine and citraconic anhydride (formed from citric acid via aconitic acid 
and citraconic acid). Rapid methods based on this reaction were subsequently 
developed for the determination of citric acid in various biological materials (Saffran 
& Denstedt, 1948), in cheese starter serum (Evenhuis, 1951) and in milk and milk 
products (Babad & Shtrikman, 1951). Murthy & Whitney (1957) suggested that the 
accuracy of the method of Babad & Shtrikman (1951) would be improved if the 
concentration of trichloroacetic acid (TCA) in the milk-TCA filtrate used for the 
analysis were increased from 5 to 12 % (w/v), and if glass-stoppered instead of rubber- 
stoppered tubes were used during colour development. In addition, the precision of 
the method of Babad & Shtrikman was considered unsatisfactory by Reinart & 
Nesbitt (1957) and they adopted a procedure using a different milk filtrate and the 
technique of Saffran & Denstedt, slightly modified, for colour development.

Marier & Boulet (1958) found that none of the above methods was satisfactory, and 
after a thorough investigation of the factors influencing the pyridine-acetic anhydride- 
citric acid reaction they put forward a convenient procedure that they considered to be 
of enhanced accuracy, precision and sensitivity. In this method, a mixture con
sisting of 1 ml of diluted milk (fat-free), 1-3 ml of pyridine and 5-7 ml of acetic
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anhydride is held in a water bath at 3 2  °C  for 30 min and the intensity of the yellow 
colour then measured. When 1m l of milk-TCA filtrate (12%, w/v, TCA) was 
used instead of diluted milk a value about 7 % lower was obtained for the 
citric acid content of milk; this difference was attributed by these authors to 
adsorption of citric acid on the protein precipitated by the TCA. Davies (1959) and 
Evenhuis (1959), however, contended that the difference could result from the use 
of diluted milk giving high values because of opalescence from undissolved protein in 
the solution used for colour measurement. In a subsequent publication Marier & 
Boulet (1960) agreed that the use of diluted milk could result in a slight opalescence 
but they maintained that the opalescence did not cause a significant positive error. 
Nevertheless, they altered their procedure by replacing the 1 ml of diluted milk with
0-5 ml of diluted milk plus 0-5 ml of 0-4 N-NaOH to obviate any opalescence, but 
they held to their view that the lower values obtained by using filtrates from acidified 
milk resulted from adsorption of citric acid on the precipitated protein. Marier, 
Boulet & Rose (1961) presented further evidence supporting the use of diluted milk 
instead of TCA filtrate, but the lower values obtained with the filtrate were here 
attributed to the incomplete release by TCA of the casein-bound citric acid in milk. 
However, Evenhuis (1961) adhered to his opinion that the method of Marier & 
Boulet (1958) gave values about 10% high, but he reported that their altered method 
appeared to give values only 2-3 % high and he maintained there was no evidence 
that the use of TCA filtrate gave low values. He concluded that further investigation 
was necessary before it could be said with certainty which method gave the correct value.

In previous publications by the present authors (White & Davies, 1958; Davies & 
White, 1959, 1960) values for the citric acid content of milk and milk sera were 
obtained by a modification of the method of Saffran & Denstedt (1948). This pro
cedure, which involved the use of TCA filtrate (12%, w/v, TCA), had an accuracy 
of about 100% when assessed by the recovery of citric acid added to milk, and a 
precision of about ± 0-5 %. The advent of the two procedures of Marier & Boulet 
(1958, 1960) which, although appearing convenient, accurate and precise, had been 
adversely criticized by Davies (pers. comm.) and Evenhuis (1959, 1961), and the view 
of Marier & Boulet that values for the citric acid content of milk obtained by 
analysing milk-TCA filtrate are low, made it necessary to compare and reassess the 
accuracy of the various methods based on the pyridine-acetic anhydride-citric acid 
reaction for determining the citric acid content of milk and of milk sera.

EXPERIMENTAL

All the reagents used were of Analar grade (The British Drug Houses Ltd). For 
most of the work the pyridine and acetic anhydride were distilled, but it was found 
latterly that this treatment could be omitted even though the use of undistilled 
acetic anhydride led to a slight decrease in the sensitivity of the reaction. The 
pyridine and acetic anhydride were dispensed from 10 and 25 ml burettes respectively, 
which were fitted with 500 ml reservoir bottles and calcium chloride guard tubes. In the 
preparation of standard solutions for relating optical density to weight of citric acid, a 
freshly prepared standard stock solution of tri-sodium citrate (Marier & Boulet, 1959) 
was used.



Citric acid determinations were made on milk and milk ultrafiltrate and also on 
citrate-free milk and citrate-free milk ultrafiltrate to which known additions of citrate 
were made. The milk samples were either herd hulk milk or the milk of individual cows 
(all of the Ayrshire breed). To remove the fat, each milk, at room temperature, was 
centrifuged for 30 min at lOOOg-, a glass tube passed through the layer of fat and the 
separated milk collected by suction and used for analysis. All the analytical values 
for milk therefore apply to separated milk and not to whole milk. Milk ultrafiltrate 
was prepared from separated milk by the procedure described by Davies & White 
(1960). Citrate-free milk and citrate-free ultrafiltrate were prepared by passing 
separated milk and ultrafiltrate, under gravitational flow, through an anion exchange 
resin (Dowex, AG 2-X8, 200-400 mesh, chloride form; V. A. Howe and Co. Ltd, 
London) previously washed with distilled water. In the preparation of citrate-free 
milk two columns of resin (16 x 1-3 cm), one above the other, were used. The first 
5 ml of eluate from the upper column was not allowed to flow into the lower column, 
the first 15 ml of eluate from the lower column was also discarded, and the subsequent 
25 ml of eluate collected (5 ml/h). This treatment always removed at least 99% of 
the citric acid in the original milk, but when residual citric acid was found allowance 
was made for it. In the preparation of citrate-free ultrafiltrate only one column of 
resin (16 x 1-3 cm) was used. The first 20 ml of eluate was discarded and the sub
sequent 25 ml collected (15 ml/h). This treatment invariably removed all the citric 
acid from milk ultrafiltrate. Analysis of distilled water that had been passed through 
the washed resin and of this water containing the same concentration of chloride as 
resin-treated ultrafiltrate, each with and without added citrate, showed that the 
resin-treated milk and ultrafiltrate would be unlikely to be contaminated with any 
substance that interfered with citrate analysis. Citrate-free milk had a pH, total 
nitrogen content and total phosphorus content that were lower by 0-2 of a unit, 
2-6% and 50%, respectively, than the values for the original milk; there was no 
change in lactose content.

To prepare TCA filtrate, milk, milk ultrafiltrate or the citrate-free equivalent of 
each was diluted in a volumetric flask with TCA solution to give a final TCA con
centration of 12 % (w/v). The 24 % (w/v) TCA solution used for this purpose and also 
in the preparation of certain of the standard citrate solutions was filtered through a 
Whatman No. 42 paper before use. Allowance was made for the volume of the pre
cipitate in the milk-TCA mixture on the basis that this volume averages 0-3 ml/10 ml 
of separated milk; with whole milk the corresponding volume would be 0-7 ml.

D e t e r m i n a t i o n  o f  c i t r i c  a c i d  1 7 3

D e s c r ip t io n  o f  m e th o d s

M e th o d  1. M o d i f i e d  m e th o d  o f  S a f f r o n  cfc D e n s te d t

P r e p a r a t io n  o f  s a m p le s .  Pipette 10-0 ml milk or ultrafiltrate into a 100 ml volu
metric flask, add 40 ml water, mix gently and dilute to volume with 24 % (w/v) TCA 
solution. Shake the flask vigorously for a few seconds and after 30 min filter the 
mixture, using Whatman No. 40 paper for milk and No. 42 paper for ultrafiltrate, 
and collect the filtrate.

P r e p a r a t io n  o f  s ta n d a r d  c i tr a te  s o lu t io n s .  Dissolve 0T913 g sodium citrate 
(Na3C6H50 7. 2H20) in water and dilute to 100 ml in a volumetric flask. Pipette 0, 2-0,
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3-0, 4-0 and 5-0 ml of this solution into 25 ml volumetric flasks, dilute to 12-5 ml with 
water and then to volume with 24 % (w/v) TCA solution. A volume of 1-0 ml of each 
of these solutions contains the equivalent of 0 (blank), 0-100, 0-150,0-200 and 0-250 mg 
citric acid, respectively.

P r o c e d u r e . Pipette 1-0 ml blank solution, standard citrate solutions and TCA 
filtrates into a series of test tubes (Pyrex, 15 x 1-5 cm, with glass stoppers) and place 
the tubes in random order; the maximum number of tubes hi one group should be 
about twenty. Add 8-0 ml acetic anhydride to each tube, stopper tightly and swirl 
each tube to mix its contents. Place the tubes in a large, thermostatically controlled 
water bath at 60 °C for 10 min and then transfer them to a water bath at 20 °C for 
5 min. Dry the tubes, add 1-0 ml pyridine to each, re-stopper tightly and return the 
tubes to the water bath at 60 °C, swirling each tube just before it is placed in the bath. 
After 45 min, transfer the tubes to the water bath at 20 °C and allow them to cool 
for 5 min. Dry the tubes and place them in a box for protection from light. Within 
the next 30 min measure the optical density of the standard and filtrate solutions 
relative to the blank using a wavelength of 428 my and a light path of 1 cm.

M e th o d  2. M e th o d  o f  M a r i e r  ¿a B o u le t  u s i n g  TCA f i l t r a t e

P r e p a r a t io n  o f  s a m p le s .  Pipette 5-0 ml milk or ultrafiltrate into a 100 ml volu
metric flask, add 45 ml water, mix gently and dilute to volume with 24 % (w/v) TCA 
solution. Shake the flask vigorously for a few seconds and after 30 min filter the 
mixture, using Whatman No. 40 paper for milk and No. 42 paper for ultrafiltrate, 
and collect the filtrate.

P r e p a r a t io n  o f  s ta n d a r d  c i tr a te  s o lu t io n s . Dissolve 0-1913 g sodium citrate 
(Na3C6H50 7. 2H20) in water and dilute to 200 ml in a volumetric flask. Pipette 0, 2-0,
3-0, 4-0 and 5-0 ml of this solution into 25 ml volumetric flasks, dilute to 12-5 ml with 
water and then to volume with 24 % (w/v) TCA solution. A volume of 1-0 ml of each 
of these solutions contains the equivalent of 0 (blank), 0-050,0-075,0-100 and 0-125 mg 
citric acid, respectively.

P r o c e d u r e . Pipette 1-0 ml blank solution, standard citrate solutions and TCA 
filtrates into a series of test tubes (Pyrex, 15 x 1-5 cm, -with glass stoppers) and place 
the tubes in random order; the maximum number of tubes in one group should be 
about twenty. Add 1-3 ml pyridine to each tube and swirl each tube to mix its 
contents. Add 5-7 ml acetic anhydride to the first tube, stopper, swirl the tube to 
mix its contents and immediately place it in a large, thermostatically controlled 
water bath at 32 °C. Do this with each tube in turn and leave the tubes in the water 
bath for 30 min from the time of insertion of the last tube. Dry the tubes and within 
the next 30 min measure the optical density of the standard and filtrate solutions 
relative to the blank using a wavelength of 428 my. and a light path of 1 cm. The 
ambient temperature should not be less than 20 °C.

M e th o d  3. M e th o d  o f  M a r i e r  ¿c B o u le t  u s i n g  a q u e o u s  s a m p le s

This method is the same as Method 2 except that distilled water alone is used for 
the blank and in the preparation of the milk (separated) and ultrafiltrate samples and 
of the standard citrate solutions.
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M e th o d  4. M e th o d  o f  M a r i e r  &  B o u le t  u s i n g  a q u e o u s -NaOH s a m p le s

P r e p a r a t io n  o f  s a m p le s .  Pipette 10-0 ml milk (separated) or ultrafiltrate into a 
100 ml volumetric flask and dilute to volume with water.

P r e p a r a t io n  o f  s t a n d a r d  c i t r a te  s o lu t io n s .  Dissolve 0-1913 g sodium citrate 
(Na3C6H50 7.2H20) in water and dilute to 100 ml in a volumetric flask. Pipette 2-0,
3-0, 4-0 and 5-0 ml of this solution into 25 ml volumetric flasks and dilute to volume 
with water. A volume of 0-5 ml of each of these solutions contains the equivalent of
0-050, 0-075, 0-100 and 0-125 mg citric acid, respectively.

P r o c e d u r e . Pipette 0-5 ml water (blank), standard citrate solutions and diluted 
samples into a series of test tubes (Pyrex, 15x1-5 cm, with glass stoppers): the 
maximum number of tubes in one group should be about twenty. Then pipette 0-5 ml 
water into the tube containing water (blank) and into the tubes containing the 
standard citrate solutions, and pipette 0-5 ml 0-4 x-NaOH into the tubes containing 
the samples. Place the tubes in random order and swirl each to mix its contents. 
Add 1-3 ml pyridine to each tube and then proceed as described in Method 2.

M e th o d  5 . M o d i f i e d  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  a q u e o u s -NaOH s a m p le s

This method is the same as Method 4 except that 0-5 ml 0-4 x-XaOH is added to 
the water (blank) and to the standard citrate solutions in place of 0-5 ml water, i.e. the 
blank, standard citrate solutions and diluted samples all receive an addition of 
sodium hydroxide.

The modified method of Saffran & Denstedt and the methods of Marier & Boulet 
described above differ only in small details from those originally published. The 
principal innovations in the method of Saffran & Denstedt are the use of a stronger 
TCA solution to ensure the complete precipitation of protein and a cooling treatment 
before adding the pyridine. In the methods of Marier & Boulet it was found that 
satisfactory measurements of optical density could be made if the ambient tempera
ture was not less than 20 °C during the 30 min allowed for colour measurement. At 
lower air temperatures optical density tended to increase during the 30 min period 
and also as the period at 20 °C was extended beyond 30 min. Marier & Boulet (1958) 
state that the colour intensity remains constant for at least 30 min after the 30 min 
period allowed for colour development, either in the water bath at 32 °C or in air at 
a temperature of 22-29 °C; they recommend that if the gradient between bath and 
room temperature differs from these limits colour intensity should be determined 
within 10 min.

RESULTS AND DISCUSSION

C o m p a r i s o n  o f  th e  m o d i f i e d  m e th o d  o f  S a f f r a n  &  D e n s te d t  (M e th o d  1) a n d  th e  
m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  T C A . f i l t r a t e  (M e th o d  2)

As no comparative study of citrate values obtained by the techniques of Saffran & 
Denstedt and Marier & Boulet appeared to have been made, the first step in this 
investigation was to compare Methods 1 and 2. Values for the citric acid content of 
twelve milks and four ultrafiltrates obtained by the two methods are listed in Table 1. 
Method 1 gave values that were, on average, 96 and 97 % of those obtained by 
Method 2 for milk and ultrafiltrate, respectively. The standard error of the mean of

u w u m t s s f f J J f i  m m n t n i o r i f T C

f m v i r i ' i B f l i ' n v s f i i i J J
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duplicate determinations, calculated from the data used to obtain the values in 
Table 1, was IT and 2T mg of citric acid per 100 ml of milk or ultrafiltrate for 
Methods 1 and 2, respectively.

Table 1. V a lu e s  f o r  th e  c i t r ic  a c id  c o n te n t  o f  m i l k  a n d  m i l k  u l t r a f i l t r a te  o b ta in e d  b y  (a ) th e  

m e th o d  o f  M a r i e r  <0 B o u le t  u s i n g  T C A  f i l t r a t e  ( M e th o d  2) a n d  (b ) th e  m o d i f i e d  m e th o d  o f  

S a f f r o n  cl- D e n s te c lt ( M e th o d  1),- e a c h  v a lu e  i s  th e  m e a n  o f  d u p l i c a te  d e te r m i n a t i o n s

Citric acid, mg/100 ml

Milk (a) (&) ( b - a ) (6/a x 100)
1 200 188 -1 2 94-0
2 168 163 — 5 97-0
3 152 142 -1 0 93-4
4 111 104 - 7 93-7
5 188 176 -1 2 93-6
6 169 166 - 3 98-2
7 178 175 - 3 98-3
8 233 229 - 4 98-3
9 197 190 - 7 96-4

10 186 181 - 5 97-3
11 150 146 - 4 97-3
12

Ultrafiltrate

156 149 — 7 95-5 
Mean 96-1

a 192 188 - 4 97-9
b 167 157 -1 0 94-0
c 146 144 - 2 98-6
d 154 150 - 4 97-4 

Mean 97'0

The accuracy of both methods over a wide range of citric acid concentration, when 
assessed by the recovery of citrate added to milk and diluted milk, was found to be 
approximately 100 %. This was surprising in view of the comparative values given in 
Table 1 and so the accuracy of both methods was further examined by recovery 
experiments using citrate-free ultrafiltrate. In these experiments, various standard 
citrate solutions were added to 100 ml volumetric flasks, each containing the volume 
of citrate-free ultrafiltrate appropriate to the method, i.e. 10 ml and 5 ml for Methods 1 
and 2, respectively, and the contents of the flasks diluted to volume with TCA 
solution to a final TCA concentration of 12 % (w/v). The mixtures were then filtered 
through Whatman No. 42 paper and the filtrates analysed. At each level of citrate, 
Method 1 underestimated the citric acid by about 8 mg per 100 ml of citrate solution 
(Table 2) whereas Method 2 gave satisfactory recoveries (Table 3). The percentage 
accuracy of Method 1 (Table 2) at the levels of citric acid normally present in milk 
or ultrafiltrate, i.e. 150-250 mg per 100 ml, is similar to the values in the last column 
of Table 1. It would appear therefore that citrate values for milk obtained by 
Method 1 will be low to at least the same extent as those for ultrafiltrate. That the 
trace of protein in citrate-free ultrafiltrate was not an interfering factor was evident 
from the fact that recoveries by Method 1 of citrate added to TCA filtrate prepared 
from citrate-free ultrafiltrate were still only 95-97 %.

It seemed that interference from some ultrafilterable constituent or constituents 
of milk that passed through the anion exchange resin was responsible for the small



negative error in the recovery values obtained by Method 1. Confirmation of the 
error, by magnifying it, was obtained from recovery experiments in winch a standard 
citrate solution similar in citrate content to milk of average composition was added 
to different volumes of citrate-free ultrafiltrate and the TCA filtrates analysed by

Table 2. V a lu e s  f o r  c i t r i c  a c id  o b ta in e d  b y  a n a ly s in g  s ta n d a r d  c i t r a te  s o lu t io n s  p l u s  
10 m l  o f  c i t r a te - fr e e  m i l k  u l t r a f i l t r a te  b y  th e  m o d i f i e d  m e th o d  o f  S a f f r a n  ds D e n s te d t  

( M e th o d  1); e a c h  d e te r m in e d  v a lu e  i s  th e  m e a n  o f  s i x  o b ta in e d  w i t h  th re e  u l t r a f i l t r a te s

Citric acid, mg/100 ml citrate solution

D e t e r m i n a t i o n  o f  c i t r i c  a c i d  1 7 7

Theoretical Determined Difference Accuracy
(a) (b) ( b - a ) (b /a  x 100)

0 0 0 —
50 42 - 8 84-0

100 92 - 8 92-0
(150 142 - 8 94-7'j

200 193 — 7 96-5 1
[250 242 - 8 96-8,1

300 290 -1 0 96-7

* Values in the range normally found in milk.

Table 3. V a lu e s  f o r  c i t r i c  a c id  o b ta in e d  b y  a n a ly s in g  s ta n d a r d  c i t r a te  s o lu t io n s  p l u s  

5 m l  o f  c i tr a te - fr e e  m i l k  u l t r a f i l t r a te  b y  th e  m e th o d  o f  M a r i e r  B o u le t  u s i n g  T C A  

f i l t r a t e  (M e th o d  2); e a c h  d e te r m in e d  v a lu e  i s  th e  m e a n  o f  f o u r  o b ta in e d  w i th  tw o  u l t r a 

f i l t r a t e s
Citric acid, mg/100 ml citrate solution

r

Theoretical Determined Difference Accuracy
(a) (6) ( b - a ) (b /a  x  100)

0 0 0 —
50 51 1 102-0

100 101 1 101-0
150 152 2 101-3
200 199 - 1 99-5
250 250 0 100-0
300 297 - 3 99-0
350 348 - 2 99-4

Mean 100-3

Table 4. V a lu e s  f o r  c i t r i c  a c id  o b ta in e d  b y  a n a ly s in g  a  s ta n d a r d  c i t r a te  s o lu t io n  (s i m i l a r  

i n  c i tr a te  c o n te n t  to  m i l k  o f  a v e ra g e  c o m p o s i t io n )  p l u s  d i f fe r e n t  v o lu m e s  o f  c i tr a te - fr e e  

m i l k  u l t r a f i l t r a te  b y  th e  m o d i f i e d  m e th o d  o f  S a f f r a n  &  D e n s te d t  (M e th o d  1); e a c h  d e te r 

m in e d  v a lu e  i s  th e  m e a n  o f  s i x  o b ta in e d  iv i th  th re e  id tr a f i l t r a te s

Voi. Citric acid, mg/100 ml citrate solution
citrate-free r— --------------------------- A— --------------------------- '
ultrafiltrate Theoretical Determined Difference Accuracy

(ml) (a) (b) ( b - a ) (b /a  x 100)

0 200 200 0 100-0
10* 200 193 - 7 96-5
20 200 189 -1 1 94-5
30 200 185 -1 5 92-5
40 200 181 -1 9 90-5

* Normal sample volume.
Dairy Res. 30



both methods. The values obtained by Method 1 (Table 4) show that the recoveries 
decreased with the volume of citrate-free ultrafiltrate used. The values obtained by 
Method 2 (Table 5) confirmed that the recovery with the normal sample volume was 
satisfactory but show that, as in Method 1 (Table 4), when the volume of citrate-free 
ultrafiltrate is increased, an increasing level of interference caused a decreasing 
recovery of citric acid.
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Table 5. V a lu e s  f o r  c i t r i c  a c id  o b ta in e d  b y  a n a ly s in g  a  s ta n d a r d  c i tr a te  s o lu t io n  (s i m i l a r  

i n  c i t r a te  c o n te n t  to  m i l k  o f  a v e ra g e  c o m p o s i t io n )  p l u s  d i f fe r e n t  v o lu m e s  o f  c i t r a te - fr e e  

m i l k  u l t r a f i l t r a te  b y  th e  m e th o d  o f  M a r ie r  &  B o u le t  u s i n g  T C A  f i l t r a t e  ( M e th o d  2); e a c h  

d e te r m in e d  v a lu e  i s  th e  m e a n  o f  s i x  o b ta in e d  w i th  th re e  u l t r a f i l t r a te s

Vol.
citrate-free
ultrafiltrate

Citric acid, mg/100 ml citrate solution
(

Theoretical Determined Difference Accuracy
(ml) (a) m ( b - a ) (b /a  X 100)

0 200 201 1 100-5
5* 200 198 - 2 99 0

10 200 196 - 4 98-0
15 200 193 — 7 96-5
20 200 191 - 9 95-5
25 200 188 - 1 2 94-0

* Normal sample volume.

From the values in Tables 3 and 5 it seems reasonable to conclude that when applied 
to ultrafiltrate the method of Marier & Boulet using TCA filtrate has an accuracy in 
the range 99-102 %, whereas the values in Tables 2 and 4 indicate that the corre
sponding accuracy of the modified method of Saffran & Denstedt is of the order of 
95-97 %. The fact that the modified method of Saffran & Denstedt appeared to have 
a satisfactory accuracy when judged by the recovery of the citrate added to milk and 
yet in reality has an accuracy not exceeding 95-97 %, emphasizes that recovery tests 
of this nature do not give an unequivocal measure of accuracy. Because of the 
inherent error, albeit small, in the modified method of Saffran & Denstedt (Method 1) 
no further use was made of this method in the present investigation.

C o m p a r is o n  o f  th e  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  TCA f i l t r a t e  (M e th o d  2) 
a n d  th e  m e th o d  o f  M a r i e r  <Ss B o u le t  u s i n g  a q u e o u s  s a m p le s  (M e th o d  3)

Marier & Boulet (1958) preferred the use of diluted fat-free milk (Method 3) to that 
of milk-TCA filtrate (Method 2) because the latter was believed to give values for the 
citric acid content of milk that were about 7 % low. However, as already mentioned, 
there is the possibility that the difference in values obtained with the two milk 
preparations arises from high values with diluted milk. In an attempt to resolve these 
conflicting opinions, values for the citric acid content of twelve milks and three 
ultrafiltrates were obtained by Methods 2 and 3 (Table 6). These results show that 
the methods gave values that were in agreement with ultrafiltrate but with milk the 
values obtained with Method 3 exceeded those obtained with Method 2 by an average 
of about 34 %, The reason for the large discrepancy in the milk values was readily 
ascertained: it was noticed that in every instance the reaction mixture containing



diluted milk was opalescent or even turbid and there seems little doubt that this 
opalescence or turbidity caused a gross over-estimate of the intensity of the yellow 
colour. These results agree with those of Evenhuis (1959, 1961) but the degree of 
interference by the opalescence was more serious in the present work than that 
encountered by Evenhuis. It is difficult to reconcile these findings with the reports 
of Marier & Boulet (1958, 1960) and Marier e t a t . (1961) that the use of diluted milk 
does not result in opalescent solutions, or if it does, the effect is insignificant. It can 
be concluded only that some difference in the reagents, possibly in the acetic acid 
content of the acetic anhydride used, or some difference in the temperature reached 
by the reaction mixtures during colour development, possibly from a small procedural 
difference, is responsible for the divergent findings. Because in the present investiga
tion the method of Marier & Boulet using aqueous samples (Method 3) gave values 
for the citric acid content of milk which were far too high, no further investigation 
of this method was carried out.

D e t e r m i n a t i o n  o f  c i t r i c  a c i d  1 7 9

Table 6. V a lu e s  f o r  th e  c i t r i c  a c id  c o n te n t  o f  m i l k  a n d  m i l k  u l t r a f i l t r a te  o b ta in e d  b y  

(a ) th e  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  T G A  f i l t r a t e  (M e th o d  2) a n d  (b ) th e  m e th o d  

o f  M a r ie r  &  B o u le t  u s i n g  a q u e o u s  s a m p le s  (M e th o d  3); e a c h  v a lu e  i s  th e  m e a n  o f  th re e

Citric acid, mg/100 ml

Milk (a) (b) ( b - a ) (b/a x 100)
1 162 238 76 146-9
2 187 251 64 134-2
3 175 223 48 127-4
4 192 258 66 134-4
5 193 256 63 132-6
6 211 285 74 135-1
7 171 231 60 135-1
8 168 230 62 136-9
9 167 213 46 127-5

10 194 260 66 134-0
11 170 227 57 133-5
12 187 253 66 135-3

Mean 134-4
Ultrafiltrate

a 204 202 - 2 99-0
b 166 164 - 2 98-8
c 186 190 4 102-2

Mean 100-0

C o m p a r i s o n  o f  th e  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  T C A  f i l t r a t e  (M e th o d  2), th e  m e th o d  
o f  M a r i e r  &  B o u le t  u s i n g  a q u e o u s -NaOH s a m p le s  (M e th o d  4) a n d  th e  m o d i f i e d  

m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  o^iteows-NaOH s a m p le s  (M e th o d  5)
Marier & Boulet (1960) altered their method for the determination of citric acid in 

milk (Method 3) by making an addition of a small amount of sodium hydroxide to 
the diluted milk samples to obviate any risk of opalescence (Method 4). They did not 
make a corresponding addition to the blank and to the standard solutions, because 
they believed that the sodium hydroxide did not interfere significantly with the 
reaction (Marier & Boulet, 1958, 1960; Marier, pers. comm.). Values for the citric acid 
content of milk obtained by Methods 2 and 4 and also by Method 5, which is the same

12-2



as Method 4 except that sodium hydroxide is added to the blank and to the standard 
solutions as well as to the diluted milks, are given in Table 7. The results show that 
Method 4 gave values that are on average about 7 % higher than those obtained with 
Method 2, which is in agreement with the view of Marier & Boulet (1958, 1960) and 
Marier et a l . (1961) that the use of TCA filtrates gives values 4-10 % lower than when 
aqueous-XaOH samples are used. However, the results show also that Method 5 gave 
values higher on average by only about 4% than those obtained with Method 2. In 
these comparisons none of the reaction mixtures containing diluted milk and sodium 
hydroxide showed obvious signs of opalescence or turbidity.
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Table 7. V a lv e s  f o r  th e  c i t r i c  a c id  c o n te n t  o f  m i l k  o b ta in e d  b y  (a ) th e  m e th o d  o f  M a r i e r  <0 
B o u le t  u s i n g  T C A f d t r a t e  (M e th o d  2), (b) th e  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  a q u e o u s -  

XAOH s a m p le s  ( M e th o d  4) a n d  (c) th e  m o d i f i e d  m e th o d  o f  M a r i e r  <0 B o u le t  u s i n g  

oçmecras-XaOH s a m p le s  (M e th o d  5); e a c h  v a lu e  i s  th e  m e a n  o f  d u p l i c a te  d e te r m in a t io n s

Citric acid, mg/100 ml

Milk (a) (b) (C) {b/a  x 100) (c /a  x 100)
1 183 198 192 108*2 104-9
2 197 206 201 104*6 1020
3 160 174 169 108*8 105-6
4 182 196 190 107*7 104-4
5 233 — 241 — 103-4
(i 208 — 213 — 102-4
7 198 — 204 — 103-0
8 124 — 134 — 108-1
0 207 — 218 — 105-3

10 195 — 209 — 107-2
11 252 — 261 — 103-6
12 174 — 180 — 103-4

Mean 107*3 104*4

The probable reason for the better agreement between values obtained with the 
method of Marier & Boulet using TCA filtrate (Method 2) and the modified method 
of Marier & Boulet using aqueous-NaOH samples (Method 5) was apparent when the 
optical densities of the standard citrate reaction mixtures in Methods 2, 4 and 5 were 
compared. It was found that the optical densities of the corresponding standard 
citrate reaction mixtures in Methods 2 and 4 were identical whereas those in Method 5 
were about 2 % higher, i.e. the colour intensity in TCA or aqueous standard citrate 
reaction mixtures was the same but the presence of sodium hydroxide caused colour 
enhancement. As this finding conflicted with the statement of Marier & Boulet (1960) 
that up to 0-5 m-equiv. of XaOH (equivalent to 0-5 ml of x-NaOH) could be 
‘tolerated per tube’ further comparisons were made of the optical densities obtained 
with aqueous standards and with aqueous standards to which 0-5 ml of 0-4 x- or
0-8 x-XaOH had been added. The results (Table 8) show that the presence of 0-5 ml 
of 0-4 x-XaOH and 0-5 ml of 0-8 x-NaOH increased the optical densities of the citrate 
standards, at all the levels of citric acid, by about 2 and 24 %, respectively. With the 
standards containing the larger amount of sodium hydroxide the tubes required an 
additional swirling, about 1 min after they had been placed in the water bath, to 
ensure that homogeneous solutions were obtained; to maintain uniformity in this
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comparative study all the standards received the additional mixing although this was 
unnecessary with aqueous standards and also probably with those containing the 
smaller amount of sodium hydroxide. Without the additional mixing, the standards 
containing the larger amount of sodium hydroxide usually gave very poor replication 
of optical density, but when duplicates agreed reasonably well the optical densities 
were only 5% higher than those for the aqueous standards, whereas those for

D e t e r m i n a t i o n  o f  c i t r i c  a c i d

Table 8. O p tic a l  d e n s i t i e s  o f  s ta n d a r d  c i tr a te  r e a c t io n  m ix tu r e s  c o n ta in in g  (a ) 0-5 m l  

c i t r a te  s o lu t io n  p l u s  0-5 m l  w a te r , (b ) 0-5 m l  c i t r a te  s o lu t io n  p l u s  0-5 m l  0-4 w-NaOH a n d  

(c) 0-5 m l  c i tr a te  s o lu t io n  p l u s  0-5 m l  0-8 N-NaOH; e a c h  v a lu e  i s  th e  m e a n  o f  e ig h t  

r e p l ic a te  d e te r m in a t io n s

Optical density, 428 mju, 1 cm
Citric acid t------------ A 1

(mg) (a) (b) («) ( b / a x  100) (c /a  x 100)
0-050 0-134 0-136 0-167 101-5 124-4
0-075 0-190 0-193 0-236 101-6 124-3
0-100 0-242 0-246 0-297 101-7 122-7
0-125 0-289 0-295 0-360 102-1 124-4
0-150 0-335 0-342 0-412 102-1 123-1
0-200 0-419 0-426 0-515 101-7 122-9
0-250 0-503 0*514 0-625 102-2 124-2

Mean 101-8 123-7

Table 9. V a lu e s  f o r  th e  c i t r i c  a c id  c o n te n t  o f  m i l k  o b ta in e d  b y  th e  m o d i f i e d  m e th o d  o f  

M a r i e r  <fc B o u le t  u s i n g  a q u e o u s - N aOH s a m p le s  (M e th o d  5), (a ) w i t h  th e  a d d i t io n  o f  
0-4 N-NaOH a n d  (b ) w i th  th e  a d d i t io n  o f  0-8 N-NaOH; ea c h  v a lu e  i s  th e  m e a n  o f  

d u p l i c a te  d e te r m i n a t i o n s
Citric acid, mg/100 ml

Milk (a) (b) (6 -o ) (b /a  x 100)
1 180 144 - 3 6 80-0
2 216 175 -4 1 81-0
3 211 167 -4 4 79-1
4 247 192 - 5 5 77-7
5 232 186 - 4 6 80-2
6 216 169 -4 7 78-2

Mean 79-4

the standards containing the smaller amount were again 2% higher. These incre
ments of approximately 2 % and 5 % are consistent with data supplied by Marier 
(pers. comm.) on the effect of various concentrations of sodium hydroxide on colour 
intensity. However, even the small increase in optical density when the smaller 
amount of sodium hydroxide is incorporated in the standards cannot be regarded as 
insignificant, for to ignore it, as is done in Method 4 by simply using aqueous standards, 
will incur an error from this source alone of about + 3 % in values for citric acid. From 
these results it was apparent that when sodium hydroxide is added to the samples 
being analysed it must also be added to the blank and to the standard solutions.

Even though the modified method of Marier & Boulet using aqueous-NaOH 
samples (Method 5) meets the requirement of having sodium hydroxide in the blank 
and in the standard solutions as well as in the diluted milk samples, it gave
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values for the citric acid content of milk that varied with the strength of sodium 
hydroxide solution used. This is illustrated by the values in Table 9; with the larger 
amount of sodium hydroxide the values for citric acid were on average only about 
79 % of those with the smaller amount. The reason for this result was that the optical 
densities of the milk samples, after colour development, were the same whether 
04: or 0-8 N-ISTaOH was used, whereas those of the standard solutions with 0-8n- 
NaOH were about 24% higher than those of the corresponding standards with
0-4 N-NaOH (cf. Table 8). This rather curious finding may be a consequence of a 
difference in the alkalinity of the corresponding standard and milk reaction mixtures 
in the early stages of colour development: it was noticed that diluted milks containing
0-8 w-NaOH gave homogeneous reaction mixtures more rapidly than did standard 
citrate solutions containing 0-8 N-NaOH. The addition of up to 0-5 m-equiv. of 
NaOH (equivalent to 0-5 ml of N-NaOH) to the sample of diluted milk, which Marier 
& Boulet (1960) say is permissible and sometimes necessary to avoid opalescence, 
therefore seems fraught with difficulties and the possibility of using more sodium 
hydroxide than the 0-5 ml of 0-4 n solution used in Method 5 was abandoned.

V a l i d i t y  o f  c i t r i c  a c id  v a lu e s  o b ta in e d  b y  th e  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  
T G A  f i l t r a t e  (M e th o d  2) a n d  th e  m o d i f i e d  m e th o d  o f  M a r i e r  &  B o u le t  u s in g  

a q u e o u sM A aOH s a m p le s  (M e th o d  5)
It has been shown that values for the citric acid content of milk obtained by 

Method 5 exceed those obtained by Method 2 by an average of about 4% (Table 7). 
On the other hand, the results in Table 10 show that these methods gave values for 
the citric acid content of milk ultrafiltrate that are very similar : since Method 2 has 
been shown to give correct values for the citric acid content of ultrafiltrate (Table 3) 
it follows that Method 5 also gives correct values when applied to ultrafiltrate. It

Table 10. V a lu e s  f o r  th e  c i t r i c  a c id  c o n te n t  o f  m i l k  u l t r a f i l t r a te  o b ta in e d  b y  (a )  th e  

m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  T G A  f i l t r a t e  (M e th o d  2) a n d  (b ) th e  m o d i f i e d  m e th o d  

o f  M a r i e r  &  B o u le t  u s i n g  a q u e o u s - lA a O V L  s a m p le s  ( M e th o d  5); ea c h  v a lu e  i s  th e  m e a n  
o f  t r ip l ic a t e  d e te r m in a t io n s

Citric acid, mg/100 ml

Ultrafiltrate (a) (b) ( b - a ) (b /a  x 100)
1 172 170 - 2 98-8
2 163 160 - 3 98-2
3 186 185 - 1 99-5
4 212 213 1 100-5
5 170 165 - 5 97-1
6 176 176 0 100-0
7 192 185 - 7 96-4
S 170 169 - 1 99-4
9 176 178 2 101-1

Mean 99-0

remained therefore to find why Methods 2 and 5 gave different values for citric acid 
when applied to milk and to decide whether either method gave the correct value. 
As previously mentioned, there are conflicting views on the reason for the difference 
in the values obtained by these two methods "when applied to milk. It is possible that
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TCA does not bring into solution all the casein-bound citric acid, this being the latest 
view of Marier e t a t . (1961). and consequently values obtained by Method 2 may be 
low. It is also possible that with Method 5, despite the addition of sodium hydroxide 
both to standards and samples and the absence of any obvious opalescence, the values 
obtained may still be high. These two possibilities were therefore investigated.

D e t e r m i n a t i o n  o f  c i t r i c  a c i d

Table 11. V a lu e s  f o r  c i t r i c  a c id  o b ta in e d  b y  a n a ly s in g  s ta n d a r d  c i tr a te  s o lu t io n s  p l u s  
5 m l  o f  c i tr a te - fr e e  m i l k  b y  th e  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  T C A  f i l t r a t e  (M e th o d  2) ; 
e a c h  d e te r m in e d  v a lu e  i s  th e  m e a n  o f  f o u r  o b ta in e d  w i th  tw o  m i l k s

Citric acid, mg/100 ml citrate solution

Theoretical Determined Difference Accuracy
(a) (6) ( b - a ) (b /a  X 100)

0 0 0 —
100 99 - 1 99-0
150 150 0 100-0
200 198 - 2 99-0
250 247 - 3 98-8 

Mean 99-2

Table 12. V a lu e s  f o r  c i t r i c  a c id  o b ta in e d  b y  a n a ly s in g  a  s ta n d a r d  c i tr a te  s o lu t io n  

( s im i la r  i n  c i tr a te  c o n te n t  to  m i l k  o f  a v e ra g e  c o m p o s i t io n ) p l u s  d i f f e r e n t  v o lu m e s  o f  

c i tr a te - fr e e  m i l k  b y  th e  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  T C A  f i l t r a t e  (M e th o d  2) ;  ea c h  
d e te r m in e d  v a lu e  i s  th e  m e a n  o f  e ig h t  o b ta in e d  w i t h  tw o  m i l k s

Citric acid, mg/100 ml citrate solution
Voi. A ------------------ ^

citrate-free Theoretical Determined Difference Accuracy
milk (ml) (a) (b) ( b - a ) (b /a  x 10Ö)

0 200 200 0 100-0
5* 200 198 - 2 99 0

10 200 195 - 5 97-5
15 200 194 - 6 97-0
20 200 191 - 9 95-5

* Normal sample volume.

Analysis by Method 2 of milk-TCA filtrate prepared in the usual way (p. 174) and 
of milk-TCA filtrate prepared by the dropwise addition of the 24% (w/v) TCA 
solution so that the protein coagulated slowly to form very small clots, followed by 
prolonged shaking of the mixture before filtration, gave the same value for the citric 
acid content of the milk (cf. Evenhuis, 1961). This, together with the fact that a 
milk-TCA filtrate (12%, w/v, TCA) contains all the calcium and inorganic phos
phorus originally attached to the casein, both of which appear to be closely associated 
with the casein-bound citric acid (Pyne & McGann, 1960), suggests that it is unlikely 
that TCA does not bring into solution all the casein-bound citric acid. Recovery 
experiments with citrate-free milk containing added citrate provided further evidence 
of the suitability of TCA filtrate for determining the citric acid content of milk. In 
these experiments, various standard citrate solutions were added to 100 ml volu
metric flasks each containing 5 ml of citrate-free milk, the contents of the flasks 
diluted to volume with TCA solution to give a final TCA concentration of 12% (w/v)
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and the mixtures filtered. The results from the analysis of the filtrates (Table 11) 
make it probable that the method of Marier & Boulet using TCA-filtrate (Method 2), 
when applied to milk, has an accuracy of about 99 %. Further recovery experiments 
in which a standard citrate solution similar in citrate content to milk of average 
composition was added to different volumes of citrate-free milk (Table 12) showed 
that, as with citrate-free ultrafiltrate (Table 5), the recoveries by Method 2 decrease 
as the volume of citrate-free sample exceeds 5 ml. However, recovery experiments 
with Method 5 (Table 13), while confirming that this method is reasonably accurate 
when applied to ultrafiltrate (recoveries of 97-99%), revealed that it overestimated 
citrate added to citrate-free milk by 3-4% . It would appear therefore from all the 
evidence presented that the method of Marier & Boulet using TCA filtrate (Method 2) 
gives correct values for the citric acid content of both milk and ultrafiltrate whereas 
the modified method of Marier &  Boulet using aqueous-NaOH samples (Method 5), 
although giving a correct value for the citric acid content of ultrafiltrate, gives a high 
value with milk. Further evidence supporting this criticism of Method 5 will now be 
given.

Table 13. V a lu e s  f o r  c i t r i c  a c id  o b ta in e d  b y  a n a ly s in g  a  s ta n d a r d  c i t r a te  s o lu t io n  
{ s im i la r  i n  c i tr a te  c o n te n t  to  m i l k  o f  a v e ra g e  c o m p o s i t io n )  p l u s  10 m l  o f  c i t r a te - fr e e  m i l k  

u l t r a f i l t r a te  o r  o f  c i tr a te - fr e e  m i l k  b y  th e  m o d i f i e d  m e th o d  o f  M a r i e r  &  B o u le t  u s i n g  

a g  u e m i s - N  at) H s a m p le s  { M e th o d  5); ea c h  d e te r m in e d  v a lu e  i s  th e  m e a n  o f  f o u r  r e p l ic a te  

d e te r m in a t io n s
Citric acid, mg/100 ml citrate solution

Theoretical Determined Difference Accuracy
Ultrafiltrate :«) (b) ( b - a ) ( b i a s  100)

a 200 197 - 3 98-5
b 200 194 - 6 97-0
c

Milk

200 198 - 2 99-0
Mean 98-2

1 200 206 6 1030
2 200 206 6 103-0
3 200 208 8 104-0 

Mean 103-3

The presence of protein in the reaction mixtures used in Method 5 seemed the most 
likely cause of any positive error. However, with this method definite opalescence 
was not visible in the coloured solutions obtained with milk, or citrate-free milk to 
which citrate had been added. But in reaction mixtures containing citrate-free milk 
without added citrate there was a slight, definite opalescence no doubt now visible 
because of the absence of any developed yellow coloration. As it seems unlikely that 
the resin treatment used in the preparation of the citrate-free milk would produce 
a milk causing any more opalescence than an untreated milk, it is highly probable that 
the reaction mixtures used in Method 5 always had a trace of opalescence but that when 
citric acid is present the yellow colour which develops masks the opalescence.

Indirect evidence of the presence of opalescence in the milk sample solutions used 
in Method 5 is furnished by the typical absorption curves in Figs. 1 and 2. Those in 
Fig. 1 show that milk and standard citrate solution treated as in the method of
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Marier & Boulet using TCA filtrate (Method 2) gave curves of the same shape and 
without absorption at wavelengths greater than 850 rng; with citrate-free milk there 
was no significant absorption over the whole range of wavelengths covered. The 
curve forming the top part of Fig. 1 is a plot of the difference between the curves for 
the milk and the standard citrate solution and is typical of that for a solution con
taining a small amount of citric acid. The curves in Fig. 2 were obtained from milk, 
citrate-free milk and standard citrate solution treated as in the modified method of 
Marier & Boulet using aqueous-NaOH samples (Method 5). The curve for the standard 
citrate solution has exactly the same shape as the curves for milk and standard

D e t e r m i n a t i o n  o f  c i t r i c  a c i d

400 500 600 700 800 900 1000
Wavelength, m/j

Fig. 1. Typical absorption curves obtained with milk and standard citrate solution (O’100 mg 
citric acid) by the method of Marier & Boulet using TCA filtrate (Method 2) and also the plot of 
the difference between the curves for the milk and the standard solution.

citrate solution in Fig. 1, with a maximum at 428 mg and no absorption at wave
lengths greater than 850 mg,. That for the milk also has an absorption maximum at 
428 mg, but indicates some absorption at wavelengths greater than 850 mg. The 
curve for the citrate-free milk is very different in shape, however: there is no maximum 
at 428 mg, absorption increases steadily with decreasing wavelength and, as with 
the milk, there is some absorption at wavelengths greater than 850 mg. As the 
solution containing citrate-free milk showed a faint opalescence but no trace of 
yellow colour, this abnormally shaped absorption curve can be fairly safely attributed 
to the opalescence. The curve forming the top part of Fig. 2 is a plot of the difference
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between the curves for the milk and the standard citrate solution. It is atypical of 
that for a citrate solution. However, it can be seen that a curve of this type can be 
obtained by the combination of the bottom curve in Fig. 2 and the top curve in 
Fig. 1, i.e. it is characteristic of a slightly opalescent solution containing a small 
amount of citric acid. It was therefore concluded that the presence of opalescence in 
the milk reaction mixtures obtained with Method 5 in this investigation was the 
reason for this method giving values for the citric acid content of milk about 4 % 
higher on average than those given by Method 2 (Table 7), and for the over-estima
tion to a similar extent of citrate added to citrate-free milk (Table 13).

J .  C . D .  W h i t e  a n d  I ) .  T .  D a v i e s

Fig. 2. Typical absorption curves obtained with milk, citrate-free milk and standard citrate 
solution (0T00 mg citric acid) by the modified method of Marier & Boulet using aqueous-NaOH 
samples (Method 5) and also the plot of the difference between the curves for the milk and the 
standard solution.

In view of this conclusion, it would be expected that if allowance were made for 
the opalescence occurring in Method 5 values for citric acid obtained by this method 
and by Method 2 should come into agreement. To test this hypothesis, a series of 
milks and the corresponding citrate-free milks were analysed by the two methods. 
The results (Table 14) show that by correcting for opalescence in Method 5, i.e. by 
subtracting the optical density obtained with the citrate-free milks from the optical 
density obtained with the milks, the respective values for the citric acid content of 
the milks were in good agreement. With no correction for opalescence, Method 5, as 
expected, gave higher values than Method 2.



1 8 7

Additional evidence supporting the above view was obtained by analysing milks 
by Methods 2 and 5 but using in the latter double the usual volumes of reactants, 
i.e. using 1 ml diluted milk, 1 ml 0 4  N-NaOH, 2-6 ml pyridine and 11-4 ml acetic 
anhydride, in tubes 15 x 2-5 cm instead of 15 x 1-5 cm. The results (Table 15) show 
that these methods gave virtually identical values, a finding attributable to the 
absence of opalescence when double volumes were used in Method 5. The absence 
of opalescence probably resulted from the fact that the maximum temperature 
reached by the reaction mixtures was about 50 °C, whereas with the normal volumes

Table 14. V a lu e s  f o r  th e  c i t r i c  a c id  c o n te n t  o f  m i l k  o b ta in e d  b y  (a ) th e  m e th o d  o f  M a r i e r  

<fc B o u le t  u s i n g  T C A  f i l t r a t e  (M e th o d  2), (b ) th e  m o d i f i e d  m e th o d  o f  M a r i e r  &  B o u le t  

u s i n g  agueotts-NaOH s a m p le s  (M e th o d  5) a n d  (c) M e th o d  5 w i t h  a l lo w a n c e  f o r  o p a l 

e sc e n c e  : e a c h  v a lu e  i s  th e  m e a n  o f  t r ip l i c a t e  d e te r m in a t io n s

Citric acid, mg/100 ml

D e t e r m i n a t i o n  o f  c i t r i c  a c i d

Milk (a) ft) V) (b /a x  100) (c/a x 100)
1 217 226 216 104-1 99-5
2 181 188 177 103-9 97-8
3 159 170 160 106-9 100-6
4 188 200 189 106-4 100-5
5 206 218 203 105-8 98-5
6 196 213 195 108-7 99-5

Mean 106-0 99-4

Table 15. V a lu e s  f o r  th e  c i t r i c  a c id  c o n te n t  o f  m i l k  o b ta in e d  b y  (a ) th e  m e th o d  o f  M a r i e r  cfc 
B o u le t  u s i n g  T C A  f i l t r a t e  (M e th o d  2) a n d  (b ) th e  m o d i f i e d  m e th o d  o f  M a r i e r  <fc B o u le t  
u s i n g  a q u e o u s—NaOH s a m p le s  (M e th o d  5) w i th  d o u b le  v o lu m e s  o f  r e a c t a n t s ; e a c h  v a lu e  

i s  th e  m e a n  o f  t r ip l i c a t e  d e te r m in a t io n s

Citric acid, mg/100 ml
(------------------------ ------------------------- '

Milk* (a) m (b - a ) (bja x 100)

1 162 164 2 101-2
2 187 189 2 101-1
3 175 175 0 100-0
4 192 196 4 102-1
5 193 190 - 3 98-4
6 211 211 0 100-0
7 171 169 - 2 98-8
8 168 170 2 101-2
9 167 167 0 100-0

10 194 196 2 101-0
11 170 170 0 100-0
12 187 189 2 101-1

Mean 100*4
* Same series as in Table 6.

of reactants the maximum temperature was 41-44 °C (cf. Hartford, 1962) because of 
a more rapid dissipation of heat from the smaller volume of liquid in a narrower tube. 
The higher temperature was apparently sufficient to reduce the opalescence, by 
causing the dispersion or solution of the material causing opalescence (presumably 
protein), by such an extent that it no longer interfered with the measurement of colour 
intensity. These results support the suggestion already made that differences in the
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maximum temperature reached by reaction mixtures containing diluted milk may be 
responsible for some of the discrepancies in values for citric acid obtained by Marier & 
Boulet, Evenhuis and the present authors: one cause of such differences could be 
the influence of different ambient air temperatures on the initial temperature of the 
reactants.

CONCLUSIONS

The modified method of Saffran & Denstedt used in the present investigation 
(Method 1) underestimated the citric acid content of both milk and milk ultrafiltrate 
by 3-5 %. This small negative error appeared to be caused by interference from some 
soluble milk constituent or constituents.

The method of Marier & Boulet (1958) in which the sample taken for analysis is 
1 ml of diluted separated milk or diluted milk ultrafiltrate, i.e. Method 3, gave an 
accurate value for the citric acid content of ultrafiltrate but a value about 34 % high 
for the citric acid content of milk. This error was caused by opalescence in the solu
tions used for colour measurement: a similar fault in this method, but not of such 
magnitude, has been found also by Evenhuis (1959, 1961). The method of Marier & 
Boulet (1960) in which the sample analysed is 0-5 ml of diluted separated milk or 
diluted milk ultrafiltrate, plus in each instance 0-5 ml of 0-4 N-NaOH, and in which 
aqueous standard citrate solutions are used, i.e. Method 4, gave a value on average 
about 7 % high for the citric acid content of milk. About three-sevenths of this error 
was caused by the omission of sodium hydroxide from the standards and about four- 
sevenths by a trace of opalescence in the sample solutions. With Method 4, the omis
sion of sodium hydroxide from the standards would likewise cause an over-estimate 
of the citric acid content of ultrafiltrate by about 3 %. By modifying the method of 
Marier & Boulet (1960) to include sodium hydroxide in the blank and standards, i.e. 
Method 5, an accurate value for the citric acid content of milk ultrafiltrate could be 
obtained, but with milk the opalescence again caused an error of about + 4 % in the 
value for citric acid. The latter finding supports the view of Evenhuis (1961) that 
Method 5 gives a value for the citric acid content of milk which is slightly high.

However, the method of Marier & Boulet using TCA filtrate (Method 2), in which 
the 1 ml sample analysed is taken from the filtrate prepared after the dilution of 5 ml 
of milk (whole or separated) or milk ultrafiltrate to 100 ml with TCA solution to give 
a final TCA concentration of 12 % (w/v), gave values for citric acid with an accuracy 
of 99-100%. The standard error of the mean of duplicate determinations by this 
method is about 2 mg per 100 ml of milk or ultrafiltrate, which with samples of 
average citric acid content corresponds to a precision of about ±1 %. Method 2, 
described on p. 174, is therefore recommended for the determination of citric acid in 
milk and milk sera.

Marier & Boulet (1958, 1960) andMarier e ta l .  (1961) have questioned the suitability 
of acid filtrates for the determination of the citric acid content of milk, and describe 
experiments which purport to show that the use of TCA filtrate gives values about 
7 % (4—10%) low. In the first instances the ‘error’ was attributed to adsorption of 
citric acid on the precipitated protein and in the second to incomplete release of 
casein-bound citrate. In view of the present findings these experiments would appear 
to require a different interpretation. That washed casein (or washed milk protein),
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when suspended in a citrate solution of pH 4-5-4-6. appears capable of adsorbing 
citrate cannot be taken as evidence that the same adsorption occurs in the prepara
tion of a TCA-milk filtrate; indeed as Marier e t a t . (1961) show, when such a suspen
sion contains other milk constituents and/or is treated with TCA (pH < 1), adsorp
tion does not occur. Also, the fact that casein precipitated from milk by adjusting 
the pH to 4-o 4-6 with hydrochloric acid (a procedure they appear to regard as 
achieving the same object as adjusting the pH to < 1 with a TCA solution) requires 
very thorough washing to remove all traces of citric acid, calcium and lactose is, in 
the opinion of the present authors, simply an indication of the difficulty of removing, 
not bound constituents, but the constituents of the contaminating mother liquid. The 
evidence obtained in the present investigation makes it highly improbable that any sig
nificant amount of citric acid remains bound to casein in the presence of a 12 % (w/v) 
solution of TCA; and there is ample evidence, recently confirmed (Davies&White, 1962), 
that under the same conditions all the calcium is in solution, and in all probability the 
same status exists after the pH of milk is reduced to 4-5-4-6 (Davies & White, 1960). 
Likewise, it would appear from the work of Grimbleby (1956) to be unlikely that any 
lactose remains bound to protein at the isoelectric point of casein or in the presence 
of relatively large concentrations of TCA. It is still not possible, however, to reconcile 
the results obtained in the present investigation with those of Marier e t a t . (1961) 
which indicate that when synthetic milk solutions are treated with TCA (final TCA 
concentration 12 %, w/v), the TCA filtrates are deficient in citric acid. In the similar 
experiments described here, TCA filtrates, prepared from citrate-free milk to which 
citrate had been added, contained on average 99-2 % of the theoretical amount of 
citric acid (Table 11).

The authors thank Miss H. K. Murray and Miss V. D. Young for technical 
assistance.

D e t e r m i n a t i o n  o f  c i t r i c  a c i d
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S o m e  a s p e c t s  o f  m a c h i n e  m i l k i n g  r a t e

By G. F. WILSON
M a s s e y  C o lle g e , P a lm e r s to n  N o r th ,  N e w  Z e a la n d  

(.R e c e iv e d  15 O cto b er  1962)

S u m m a r y . A study was made of the machine milking rates of a sample of Jersey cows 
comprising daughter-dam pair groups, obtained from thirteen New Zealand herds 
during mid-lactation.

Twenty-one per cent of the variation in maximum rate of flow occurred within 
herds and the remainder between herds. Differences in the type of preparation of 
cows for milking did not have a significant effect on the average milking rates for 
herds. The variance in milking time between cows within poorly prepared herds was 
greater, however, than that in the better prepared herds.

Heritability estimates for maximum rate of flow, derived from the regression of 
daughters’ records on dams’ records, were found to be of the order of 80 %.

Apart from providing useful references to earlier work, Dodd (1953) described the 
variation in milking rates within a herd and also the influence of several factors, 
including stage of lactation and lactation age, on the normal milking rate of individual 
cows. Data on milking rate provided by the New Zealand Dairy Board (1950) indi
cated marked differences between the daughters of different bulls within herds, and 
also between the artificially bred daughters by the same sire in different herds.

Between-herd differences in milking rate are probably largely due to environmental 
factors rather than genetic differences (Brumby, 1961) but this has not been established 
with any accuracy.

Estimates for the ‘ heritability ’ of maximum rate of flow, derived from the milking 
rate records of monozygotic twins, are in good agreement (0-72-0-85) but have, how
ever, been obtained from small groups of cows in single herds (Brumby, 1956; 
Donald, 1960).

This paper presents further information on the variation in milking rates within 
and between commercial herds and on the influence of the technique of stimulation 
of milk ejection on the differences between herds. The heritability of the milking rate 
characteristic was also estimated.

EXPERIMENTAL METHODS 

S o u r c e  o f  th e  d a ta

During the period from December to February milk flow rates were obtained from 
dams and daughters in thirteen Jersey herds on farms situated in the South Auckland, 
Waikato, and Manawatu areas. One milking rate record was obtained at a morning 
milking from each of 249 different animals comprising 150 daughter-dam pairs. Some



1 9 2 G .  F .  W i l s o n

of these were ‘three generation groups’ of grandam, dam, and daughter, and some of 
the dams had more than one daughter. The farms were chosen because of their 
owners’ association with the College, but there was no reason to suppose that the 
herds were not representative.

A p p a r a t u s  a n d  m e a s u r e s  o f  m i l k i n g  ra te

The apparatus used for measuring milking rate Avas similar to that designed by 
Whittlestone and described by Brumby (1956).

The technique of preparation for milking was common for all animals within a herd 
but was different between herds. Stimulation was, as far as possible, that to Avhich 
cows were accustomed, so as to avoid the possibility of a change influencing the milk 
floAV rates.

The starting point of milking was taken as the time of application of the fourth 
teat cup, the recording drum being set in motion at this point. The Ruakura Milk 
Flow Indicator (Whittlestone, 1954) was used to indicate the beginning of milk A o a v  

and the end-point of milking (i.e. when the sightglass became clear, corresponding to 
a flow of < 0-2 lb/min). Machine strippings were not considered in these data, so 
that milking time and associated measures were calculated on a slightly different 
basis from similar measurements by some previous workers.

For convenience the following terms have been used in this paper.
‘Maximum rate’, lb/min—maximum milking rate attained in any minute during 

milking.
‘Total tim e’, min—length of time from ‘cups on’ until the end-point of milking.
‘Milking tim e’, min—length of time from the start of milk flow until the end-point 

of milking.
‘Average rate’, lb/min—derived figure obtained by dividing the yield by the 

milking time.
‘Time to reach maximum rate’, min—length of time from ‘cups on’ until the start 

of the maximum milking rate.

RESULTS
T h e  r e p e a ta b i l i t y  o f  th e  m e a s u r e s  o f  m i l k i n g  ra te

A preliminary trial was made in order to assess the accuracy of a single recording 
of milking rate. Estimates of the repeatability of successive records (measured as the 
intra-class correlation) for the milking rates of ten c o a v s  measured at three con
secutive milkings in a single herd, Avere found to be high for maximum rate of flow 
(0-73) and milking time (0-86) but somewhat lower for average rate of flow (0-58).

V a r ia t io n  w i t h i n  a n d  b e tw e e n  h e r d s  f o r  m i l k i n g  ra te  c h a r a c te r is t ic s

The average within-herd coefficients of variation for the various measures of 
milking rate are presented in Table 1. The values were very similar, lying betAveen 
24-3 and 29-2 %. The number of cows recorded, as a proportion of the total number 
of cows milked in individual herds, varied considerably (from 8 to 65%). The herd 
mean milking rates are therefore estimated to various degrees of accuracy.

The variation amongst mean milking rates for groups of cows in different herds is



also given in Table 1. Analysis of variance showed that 21 % of the variation in 
maximum rate of flow occurred within herds and the remainder between herds.

Table 1. V a r ia t io n  i v i t h i n  a n d  b e tw e e n  h e r d s  f o r  m i l k i n g  r a te  c h a r a c te r is t ic s  

( m e a s u r e d  N o v e m b e r - J a n u a r y )
Coeff. of variation

M a c h i n e  m i l k i n g  r a t e  1 9 3

Measure
Av. coeff. of 
variation, %

Mean and s .e . of 
herd averages

among herd averages.
o//o

Yield, lb 28-8 10-88 ±0-65 21-5
Total time, min 24-3 3-45±0-13 14-0
Average rate, lb/min 25-6 3-29±0-15 16-5
Maximum rate, lb/min 29-2 5-38 ±0-28 18-6

Table 2. M e a n  m i l k i n g  r a te s  f o r  g r o u p s  o f  h e r d s  w i th  s i m i l a r

m e th o d s  o f  p r e p a r a t io n

Good
preparation

Number of herds 2

f o r  m i l k i n g

Average
preparation

6

Poor
preparation

0
Number of cows 40 89 120
Yield of milk, lb 13-72 9-22 11-11
Time to reach maximum 0-13 0-57 0-70

rate, min 
Total time, min* 2-96 3-27 3-51
Milking time, min* 2-96 3-18 3-43
Average rate, lb/min* 3-63 3-40 3-19
Maximum rate, lb/min* 6-02 5-72 5-67

Group means consist of herd means weighted for number of cows per herd.
* Mean herd values corrected for differences in yield, using the average within-herd regressions on 

yield.
G ood p r e p a r a t io n : thorough washing and stripping taken from each teat (30 sec).
A v e ra g e  p r e p a r a t io n : short wash and stripping taken from each teat (15—20 sec).
P o o r  p r e p a r a t io n : very brief wash or none.

T h e  in f lu e n c e  o f  p r e p a r a t io n  f o r  m i l k i n g  o n  h e r d  m i l k i n g  ra te s

The average milking rate data are grouped in Table 2 according to the level of 
stimulus provided before milking. The differences between these groups were con
founded by environmental differences between herds. The milking machine vacuum 
levels for herds were similar (between 15 and 16 inHg) but there were stage-of- 
lactation effects due to differences in herd sampling dates. For this reason individual 
milking rates were adjusted for differences associated with differences in yield.

Analysis of covariance of milking rates adjusted for milk yield showed no signifi
cant difference between preparation groups ( P  >  0-1). There was, however, a significant 
increase in the within-herd variance for total time and milking time between the 
good and the average preparation groups, and between the average and the poor 
preparation groups (Bartlett’s Test, Chi-square > 3-84). The increase in total time 
in some poorly prepared herds was due partly to an increase in the time taken for 
cows to reach maximum rate of milk flow.

H e r i t a b i l i t y  o f  m a x i m u m  r a te  o f  f io tv

The heritability of maximum rate of flow was calculated from the regression of the 
daughters’ records on dams’ records on a within-herd basis (thirteen herd groups) and 
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on a within-sire basis (twenty-eight sire groups for which there was more than a single 
daughter).

The 150 daughter-dam pairs of records comprised 111 dams with one to five off
spring. No full sibs were included in the intra-herd regression (see Kempthorne & 
Tandon, 1953) and this restriction reduced the number of daughters available by 
twenty-one.

The heritability estimates on a witliin-herd basis were calculated by two alter
native methods for dealing with data in which dams have more than a single offspring 
(Table 3). Repeating the dams’ record with each daughter’s record gave a heritability 
estimate of 0-87 which was very similar to that obtained by using the mean of a group 
of daughters’ records with their dam’s record (heritability 0-84).

Because the animals within herds differed mainly in respect to milk yield (Xlf 
expressed in pounds) and age ( X 2 , expressed in lactations) the individual maximum 
rate recordings (Y ) were adjusted for these factors using the multiple regression 
equation obtained from the data (estimated 7  =  5-762 +  0-215X, — 0-006X2). How
ever, the heritability estimate obtained using the adjusted data (on a within-sire 
basis) was approximately the same as that obtained using the unadjusted data (0-70 
and 0-77, respectively).
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Table 3. T h e  h e r i ta b i l i t y  o f  m a x i m u m  r a te  o f  f l o w — d a u g h te r  o n  d a m

r e g r e s s io n  m e th o d

Method No. of pairs
Heritability estimate 
and standard error

Intra-herd regressions
Repeating the dams’ records with each daughter’s 129 0-87 ±0-14
record

Unweighted regression of mean of daughters’ 111 0-84 + 0-16
records on dams’ records 

Intra-sire regressions
Repeating the dams’ records with each of their 110 0-77 + 0-17

daughter’s records
Using the adjusted data—repeating the dams’ records 110 0-70 ±0-20

with each daughter’s record

DISCUSSION
V a r ia t io n  w i t h i n  a n d  b e tw e e n  h e r d s

The variations in milking rate characteristics presented in Table 1 are indicative of 
the variation one would expect to find within and between herds of Jersey cows, 
and for corresponding measures of milking rate are similar to the results reported 
by the New Zealand Dairy Board (1950).

The results for the repeatability of the milking rate measures were in general 
agreement with those of previous workers (Beck, Fryer, & Roark, 1951) who have 
shown that the characteristic milk removal curve of the individual cow varies little 
from day to day or even over longer periods. The small number of cows measured in 
some herds gave rise to large standard errors of herd means. However, the overall 
average coefficients of variation for the various measures of milking rate were very 
similar (24-29 %) and it is interesting to note that the highest variation obtained was 
that for maximum rate of flow.

The differences between mean milking rates for groups of cows in different herds
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which comprised approximately 79 % of the total variation in the case of maximum 
rate of flow, are likely to be partly due to genetic differences and partly to environ
mental factors such as pulsation rate and ratio, vacuum level and type of udder 
preparation.

The between-herd variation in maximum rate of flow obtained in this study 
probably represents a maximum figure, as the within-herd results were from animals 
more closely related than is usual because of the nature of the samples taken from 
each herd. Type of preparation and stage of lactation were the only environmental 
factors measured which varied to any extent among herds.

T e c h n iq u e  o f  p r e p a r a t io n

Variation in all milking rate measures is associated with variation in yield 
(Johansson, 1961) so that the mean milking rates for each group of herds were 
obtained from the milking rate figures adjusted for differences in yield (Table 2). This 
adjustment accounted for most of the differences associated with stage of lactation, 
due to differences in herd sampling dates.

The amount of effort put into preparing the cow appeared to have an influence on 
all measures of milking rate, although the differences between the means for tech
nique groups were not significant. Poor stimulation methods in some herds resulted 
in reduced milking rates of some cows but not others, and this affected the variation 
in milking rate rather than the mean milking rate.

The time spent preparing the cow and the time taken to reach maximum rate of 
flow were to a certain extent inversely related. In this study a short period of extra 
preparation was more than made up for by a reduction in the time taken to reach 
maximum rate of flow and in milking time. This suggests that by improving the 
stimulation technique for individual cows within a herd worthwhile reductions in 
milking time could well be obtained by many commercial farmers.

Apart from the effect of yield, maximum rate of flow attained during milking is 
largely dependent on the size of the teat orifice (Baxter, Clarke, Dodd & Foot,
1950). The maximum rate of flow is thus the best measure when considering the 
genetic improvement in milking rate, as it appears to be the least affected by the skill 
and care of the milker.

T h e  h e r i ta b i l i t y  e s t im a te s

The estimates of heritability obtained in this study from the regression of daughters’ 
records on dams’ records were very similar to that (0-74) obtained by Dodd & Foot
(1953) from daughter-dam, and sib and half-sib, correlations. Although heritabilities 
obtained from monozygotic twin data are often over-estimates, those for maximum 
rate of flow reported by Brumby (1956) and by Donald (1960) are in agreement with 
the present results.

Kempthorne & Tandon (1953) have suggested the use of a weighting method in 
cases where dams have more than one daughter. The estimate obtained by this 
method would be expected to fall between those obtained using the record of the 
dams repeated with each daughter’s record, and the record of each dam with the 
average of the daughter’s records. In this study, as in the study by Bohren, McKean 
& Yamada (1961), there was only a very small difference between the alternative

13-2

M a c h i n e  m i l k i n g  r a t e



methods of estimation, indicating that there would he little to be gained by using 
the weighting method.

The small differences between the intra-sire and intra-herd estimates of herit- 
ability probably result from chance, and the slightly higher intra-sire standard error 
of estimate was possibly the result of the smaller number of animals available.

Correction for environmental effects is sometimes useful as a means of increasing 
the efficiency of selection by increasing the heritabilitv (Purser, 1960) but in this 
study correction of maximum rate of flow records for differences in yield and age 
made very little difference to the heritability estimate.

The high heritability estimates that were found for maximum rate of flow indicate 
that this character should respond quickly to selection based on the individual per
formance of animals.

Considerable variation in milking rate existed within herds, but because this factor 
is not considered to be of major economic importance, and in view of the small 
amount of culling and selection that is normally possible, it is probable that the rate 
of improvement in milking rate is slow. Through the artificial breeding scheme, how
ever, improvement in milking rate could be easily obtained, especially in view of the 
fact that only a few daughters would be required to constitute a progeny test.

The author wishes to thank Dr D. S. Flux for his helpful advice and criticism. 
Thanks are also due to Mr J. N. Hodgson and Mr D. Johnston for assistance in con
tacting the many interested farmers whose co-operation made this study possible.
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N o t e  o n  t h e  a c t i o n  o f  v e g e t a b l e  r e n n e t s  o n  s o d i u m  c a s e i n a t e

By J. C. OOSTHUIZEN* a n d  G. W. SCOTT BLAIR
N a t i o n a l  I n s t i t u t e  f o r  R e s e a r c h  i n  D a i r y i n g ,  S h in f i e l d ,  R e a d in g

(R e c e iv e d  17 O cto b er  1962)

In an earlier paper, one of us (Oosthuizen, 1962) showed that vegetable rennets 
produce a fall in the viscosity of sodium caseinate solutions which follows the equation 
of first-order chemical kinetics; but that the proteolysis involved is stronger than 
that of calf’s rennet since the vegetable rennets attack a greater proportion of the 
casein ensemble.

More recent experiments described in the present note show a further interesting 
distinction: whereas, with calf’s rennet and pure rennin, the proportion of total 
viscosity x  — (7]m a x ~ ,?min)/7]max which can be eliminated in the first-order reaction 
(extrapolating it theoretically to completion) is independent of enzyme concentration 
(O e), this is not so for vegetable rennets. Also, contrary to the preliminary findings 
described by Oosthuizen (1962), with the samples now tested there appears to be no 
direct proportionality between k 1 and Oe . Plotting double logarithms, the curves 
relating these variables are approximately linear, but since y is not independent of 
C e , it is not possible to draw any definite conclusions from them about the purity of 
the enzymes.

The results are shown in Table 1. The concentrations are, of course, only of relative 
significance and were selected to give the best first-order curves in order to get reliable 
values of k x and y.

Table 1. R e a c t io n  c o n s ta n ts  a n d  v is c o s i t y  c h a n g e s  o f  s o d i u m  c a s e in a te  
s o lu t io n  a c te d  u j jo n  b y  tw o  v e g e ta b le  r e n n e t s  a t  v a r io u s  c o n c e n tr a tio n s

A. Ficus rennet

Ce O lo 0-125 0-10 0-05 0-038
f c j X  1 0 4 13-8 1 1 - 2 9-9 7-2 5-1
X 0-67 0 6 3 0-65 0-48 0 1 4

B. W ithania coagulans rennet

Ce 0-15 O il 0-075 003 8
t j X  104 4-31 3-54 3-25 2-33
X 0-44 0-43 0-37 031

We conclude that, unlike rennin and calf’s rennet, these vegetable rennets attack 
a proportion of the casein which is not only abnormally large but which increases 
with the increasing concentration of the enzymes.

* Present address: Department of Dairy Science, The University, Pretoria, Republic o f South Africa.
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Our best thanks are due to Professor K. Iya who sent us the vegetable rennets from 
India and to Miss Barbara Skidmore (now Mrs Harris) who carried out the viscosity 
measurements described in this note.
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T h e  e f f e c t  o f  t h e  r e p l a c e m e n t  o f  c o n c e n t r a t e s  b y  r o o t s  o n  

t h e  i n t a k e  a n d  p r o d u c t i o n  o f  d a i r y  c o w s

B y  M. E. CASTLE, A. D. DRYSDALE, R. WAITE a n d  J. N. WATSON
T h e  H a n n a h  D a i r y  R e s e a r c h  I n s t i t u t e ,  A y r

(R e c e iv e d  9 N o v e m b e r  1962)

S u m m a r y . T o investigate the effect of replacing part of the concentrates by roots, 
a 16-week winter-feeding experiment was made using twelve Ayrshire cows. All the 
cows received 8 lb of hay per day and enough grass silage for a measurable residue 
to be left at each feed. Two rations were supplemented with 45 lb of fodder-beet per 
day but the other two contained no roots. At each level of root feeding, concentrates 
were fed at either 3-50 or 1-75 lb per 10 lb of milk.

All the fodder-beet was eaten (8-4 lb dry matter) and, as this caused a reduction in 
the intake of silage dry matter of only 3-4 lb per day, there was a net increase in dry- 
matter intake. The level of concentrate feeding had little effect on the intake of the 
other feeds. Rations which included roots contained significantly less crude fibre 
than rations without roots.

The mean daily milk yields for the treatments with the low and high concentrate 
levels were 29-5 and 33-9 lb, respectively, without roots and 31-8 and 35-8 lb with 
roots. The fat percentages of the milk were similar on all four treatments whereas the 
solids-not-fat (s .n .f .) increased significantly from 8-42% on the treatment without 
roots and low concentrates to 8-64% on the treatment with roots and high concen
trates. The response per 1 lb of extra s .e . was 1-0 lb milk and 0-02% s .n .f . between 
the low and high concentrate treatments and 0-7 lb milk and 0-05 % s .n .f . between 
the two root treatments. The analysis of milk from individual quarters of all the 
cows during each period showed the continuous presence of some subclinical mastitis. 
It was estimated that this lowered the general level of s .n .f . percentage by 0-2 % but 
did not bias the results from any one feeding treatment. For milk from healthy 
quarters only, the response to 1 lb extra s .e . from concentrates was 0-03 % s .n .f . and 
from beet it was 0-08 % s .n .f .

During the winter of 1959-60 a cattle feeding trial was conducted at this Institute 
to investigate the effect of adding roots to a diet consisting of hay, grass silage and 
concentrates (Castle, Drysdale & Waite, 1961). The results showed that the addition 
of roots increased the total daily intake of dry matter and on average for each 1 lb of 
root dry matter eaten, there was a reduction of only 0-45 lb of dry matter in the 
amount of other feeds consumed, mainly silage. Because of this increase in dry- 
matter consumption, increases in milk yield and in the s .n .f . percentage of the milk 
were found also. In other feeding trials at this Institute involving rations without 
roots it has been shown that roughages such as hay and grass silage could often



impose a physical limit on the dry matter intake of the cattle (Holmes, Reid, 
MacLusky, Waite & Watson, 1957; Castle & Watson, 1961). It was thus virtually 
impossible for a reduction in the amount of concentrate dry matter to he compensated 
for by an increase in roughage dry matter. It was thought possible, however, that 
a reduced intake of concentrates could be fully replaced, at least on a dry-matter 
basis, if roots were included in a ration containing hay and silage.

To investigate this possibility a short-term feeding trial was made in which a basal 
diet of hay and grass silage was fed either with or without roots and in addition con
centrates were rationed at either a high or a low level. The first object of the trial, 
which is described below, was to measure the differences in the feed intake of the 
cows, and the second to see what effects these changes would have upon milk yield 
and milk quality.

EXPERIMENTAL 

E x p e r im e n t a l  d e s ig n

Twelve Ayrshire cows in the Institute herd were used. Five cows were in their 
second to fourth lactation and the other seven in their fifth to ninth lactation, which 
gave an average of 4-5 lactations per cow. For a minimum period of 4 weeks before 
the experiment started the cows were on a diet of hay, silage and concentrates and 
during the week just before the experiment the animals were fed silage, hay, fodder- 
beet and concentrates similar to those given daring the experiment. The cows were 
housed throughout the experiment in a conventional byre with facilities for individual 
feeding, but were allowed into a bare concrete yard each day from 10.00 a.m. to
12.00 noon.

The twelve cows were divided into three groups of four so that the animals in each 
group were at a similar stage of lactation. The four cows were allotted at random to 
one of four feeding treatments in a 4 x 4 balanced Latin square layout and the experi
mental periods were of 4 weeks’ duration. In an attempt to eliminate the effect of 
stage of lactation on milk quality the starting date for each group was staggered and 
was on average 64 days after calving. This allowed each group to complete the experi
ment between the second and sixth month of lactation as suggested by Bailey (1952) 
in order to overcome any effect of pregnancy on the s .n .f . content of the milk. The 
experiment started on 13 November 1961 and ended on 8 April 1962. The change 
from one treatment to another was made over 4 days and in calculating the results 
of the trial the data from weeks 3 and 4 in each period were used.

F e e d in g

The cows on all the treatments were offered grass silage at 7.00 a.m. and 12.00 noon 
and 8 lb of hay at approximately 5.00 p.m. each day. A sufficient quantity of silage 
was offered to ensure that a residue was always available for weighing 3 h after
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feeding. In addition to the hay and silage the cows received the following four
treatments.

Eodder-beet, Concentrates,
Treatment lb per cow per day lb/ 1 0  lb milk

A 45 3-50
B 45 1*75
C Nil 3*50
D Nil 1*75



The fodder-beet on treatments A and B was given in three feeds of 15 lb each and 
was fed at the same time as the silage and the hay, i.e. at 7.00 a.m., 12.00 noon, and
5.00 p.m.

The weight of concentrates fed in period 1 was calculated from the mean daily 
yield of milk in the week before the experiment began. In periods 2, 3 and 4 the 
amount fed was based on the equalized feeding principle of Lucas (1943) using the 
average daily milk yield from the last week of the previous period and the average 
decline in milk yield of the group. The amount of concentrates given in any one 
period was kept constant throughout the 4 weeks. Half the weight of concentrates 
was given at each milking time. The concentrate mixture consisted, in parts by 
weight, of ground barley 4-§, bruised oats 2, groundnut cake 2, flaked maize 1-|, 
kibbled locust beans § and mineral pre-mix ].

R e p l a c e m e n t  o f  c o n c e n t r a t e s  b y  r o o t s  2 0 1

Table 1 . T h e  c o m p o s i t io n  a n d  c a lc u la te d  n u t r i t i v e  v a lu e  o f  th e  fe e d s

Percentage of the dry m atter

Dry
matter,

0//o
Crude

protein
Ether

extract

Nitrogen-
free

extract
Crude
fibre Ash

Starch
equivalent

Digestible
crude

protein

Concentrates 85-0 2 1-6 3-7 64-2 6-0 4-5 79 17-8
H ay 84-6 7-7 2-2 54-5 30-6 5-0 51 4-6
Grass silage 19-5 12 -0 4-2 42'6 32-5 8-7 50 7-3
Fodder-beet 18-8 7-9 0-6 80'7 5-1 5-7 54 3-6

The hay was made from a timothy and meadow-fescue sward cut on 12 June. 
After partial drying in the field the hay was baled and dried finally on a grass drier 
converted for barn-hay drying, the whole process taking 4 days. The resultant hay 
was green and leafy and in excellent condition without any weathering or damage in 
the field. The silage was made in late May from grass cut at the long leafy stage. The 
variety of fodder-beet was Red 0tofte XI. The analyses and feeding values of these 
feeds and of the concentrate mixture are given in Table 1 .

All the feeds were weighed individually every day throughout the trial, and on 
5 consecutive days each week the quantities of each feed refusal were weighed also. 
The feeds were sampled as in the earlier trial (Castle e t a l . 1961).

Digestibility trials using the total collection method were made on the four feeds 
with four Ayrshire bullocks. These were on a planned feeding regimen with faeces 
collected over periods of 10 days, and four determinations were made for each feed. 
Digestibility coefficients were calculated directly for the hay and silage, and by 
difference for the concentrates and fodder-beet; s .e . values were calculated for each 
feed from the chemical analyses and digestibility data. The s .e . value for the hay 
was calculated using a deduction of 0-58 units of s .e . per 1 % of crude fibre, but the 
final s .e . value was not increased by 20% as in Woodman’s tables (Evans, 1960) 
because the hay was an excellent product. To calculate the s .e . of the fodder-beet 
a factor of 0-83 was used to convert the content of digestible n .e .e . into a weight of 
s .e . as the fodder-beet dry matter contained 70% soluble sugars, mainly sucrose. 
It is recognized that the calculation of the s .e . and d .c .p . contents of the feeds is 
somewhat arbitrary, but it is useful to compare the intakes on the experimental



rations with the requirements of the animals as estimated by the feeding standards 
calculated in the same way (Evans, 1960).

M i l k  y ie ld ,  m i l k  q u a l i t y  a n d  l iv e  w e ig h t

The cows were milked twice a day and their yields recorded to the nearest J lb. 
Samples of milk from consecutive evening and morning milkings were taken twice 
a week (Monday and Tuesday, and Thursday and Friday) from each cow in weeks 3 
and 4 of each period. The evening and morning samples were mixed in proportion to 
yield and analysed for fat and total solids. In order to isolate the true effect of the 
feeding treatments free from the effects of udder disease (Waite, 1961), individual 
quarter milking of each cow was done at the afternoon milking on Tuesday and 
Friday in the last week of each period to provide samples for chemical analyses and 
determination of the total and differential cell count (Blackburn, Laing & Malcolm,
1955). Also fore-milk from each quarter was examined fortnightly for the presence 
of pathogenic bacteria.

The cows were weighed at approximately 11.45 a.m. on Wednesday, Thursday and 
Friday in week 4 of each period.
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RESULTS

7-, ., F e e d  c o n s u m p t io n
D r y  m a t te r  1

The mean weight of dry-matter intake contributed by the various feeds on the 
four treatments and the total daily intake of dry matter are given in Table 2. As 
expected, there were wide variations, ranging from 24-3 lb/day on treatment D to 
34-2 lb/day on treatment A.

The fodder-beet was readily consumed by the cows (treatments A and B) and the 
total daily intake of dry matter was significantly higher ( P  <  0-01) than on rations 
without it (treatments C and D). The increase in dry-matter consumption of 
5 lb/day as a result of the inclusion of 8-4 lb fodder-beet dry matter at both the low 
and the high levels of concentrate feeding resulted from a decrease in the amount of 
silage eaten, the intake of hay and concentrates being almost unaffected. The daily 
consumption of silage dry matter fell significantly (P  <  0-01) from 11-5 lb on treat
ment C to 8- llb  on treatment A and from 12-2 lb on treatment D to 8-6 lb on 
treatment B.

The high level of concentrate feeding raised the total dry-matter intake of the 
animals by 4-9 lb/day whether beet was included or not. There was a small non
significant decrease in the intake of silage dry matter as a consequence of the increased 
concentrate intake but the intake of hay was virtually unaffected.

As both the raising of the level of concentrate feeding and the inclusion of fodder- 
beet in the ration had almost identical effects on the dry-matter intake of the cattle, 
the intakes on treatment B (low concentrates plus fodder-beet) and treatment C 
(high concentrates and no fodder-beet) were almost the same.

The intake of dry matter per cow per day expressed as a percentage of mean live 
weight is also given in Table 2. This value was increased significantly ( P  <  0-01) by 
an average of 0-5 % by the inclusion of fodder-beet in the diet and by 0-4 % by 
increasing the level of concentrate feeding, the increases being cumulative.



T
ab

le
 2

. 
T

h
e 

fe
e

d
 a

n
d

 n
u

tr
ie

n
t 

in
ta

ke
s 

o
n

 t
h

e 
fo

u
r 

fe
ed

in
g

 t
re

a
tm

en
ts

D
ig

es
ti

bl
e

St
ar

ch
 e

qu
iv

al
en

t
cr

ud
e 

pr
ot

ei
n

D
ry

 m
at

te
r,

 lb
 p

er
 c

ow
pe

r 
da

y
D

ai
ly

 d
ry

 m
at

te
r

,--
---

---
---

---
—

A-
---

---
---

---
---

-,
,--

---
---

---
--

---
-A

---
---

---
---

---
--

N

,--
---

---
---

---
---

-
---

---
---

--
A-

---
---

---
---

---
-

---
---

---
---

---
--

^
co

ns
um

pt
io

n 
as

%
of

%
of

C
ru

de
Fo

dd
er

-
C

on
ce

n-
%

°f
W

oo
dm

an
’s

W
oo

dm
an

’s
fib

re
,

T
re

at
m

en
t

be
et

tr
at

es
H

ay
Si

la
ge

T
ot

al
liv

e 
w

ei
gh

t
lb

/d
ay

st
an

da
rd

 *
lb

/d
ay

st
an

da
rd

*
lb

/d
ay

A
8-

2
11

-4
6-

5
8-

1
34

-2
3-

2
20

-8
13

1
3-

2
10

6
5-

7
B

8-
5

5-
6

6-
6

8-
6

29
-3

2-
8

16
-6

11
4

2-
2

88
5-

6
C

---
--

-
1

1
0

6-
7

11
-5

29
-2

2-
7

17
-9

11
7

3
1

10
8

6-
5

D
—

5-
4

6-
7

12
-2

24
-3

2-
3

13
-8

98
2-

1
82

6-
4

St
an

da
rd

 e
rr

or
—

±
0

-3
3

±
0

-0
9

±
0

-4
1

±
0

-4
6

±
0

-0
3

±
0

-2
9

±
2

-0
±

0
-0

6
±

4
-2

±
0

-1
2

of
 a

 d
iff

er
en

ce
 

be
tw

ee
n 

tw
o 

m
ea

ns
* 

E
va

ns
 (

19
60

).

R e p l a c e m e n t  o f  c o n c e n tr a te s  b y  r o o ts  2 0 3



2 0 4  M .  E .  C a s t l e ,  A .  D .  D r y s d a l e ,  R .  W a i t e  a n d  J .  N .  W a t s o n

S ta r c h  e q u iv a le n t  a n d  d ig e s tib le  c r u d e  p r o t e in

The average daily intakes of s .e . and d .c .p . by weight and as a percentage of the 
cows’ requirements according to the standards of Woodman (Evans, 1960) are pre
sented in Table 2. These were calculated from the mean intake of each feed and from 
the values given in Table 1. The intake of s .e . was increased significantly ( P  < 0-01) 
either by feeding fodder-beet or by increasing the level of concentrates. On treat
ment C (high concentrates and no fodder-beet) the intake of s .e . was higher than on 
treatment B (low concentrates plus fodder-beet) although the values were not 
statistically different when expressed as a percentage of the Woodman requirements.

The inclusion of fodder-beet in the ration did not significantly increase the weight 
of d .c .p . in the ration, whereas the higher level of concentrates increased the amount 
on average from 85 to 107 % of the Woodman standard, statistically a highly signi
ficant effect.

C r u d e  f ib r e

The mean daily intake of crude fibre (Table 2) was calculated from the daily dry- 
matter intakes and the values given in Table 1 . Changes in the level of concentrate 
feeding had no significant effect on the intake of crude fibre but on both treatments 
A and B, which included fodder-beet, the cows consumed significantly less crude 
fibre than on treatments C and D.

, . 7 7 ,.7 A n i m a l  p r o d u c t io n
A n i m a l  h e a lth  ‘

The general health of the cows during the trial was excellent and digestive dis
orders which are occasionally reported with fodder-beet feeding were completely 
absent. Four cows had persistent staphylococcal infections in three quarters through
out the experiment and failed to respond to antibiotic treatment. Similarly, another 
cow had persistent streptococci in the milk of one quarter. Judged by cell counts and 
bacteriological examination four other cows had subclinical mastitis at various times. 
In all cows the usual signs of clinical mastitis, heat, pain or swelling of the udder or 
clots in the milk were absent throughout. The effect of udder health on milk composi
tion is briefly discussed later in this paper and more fully in the following com
munication (Waite, Abbot & Blackburn, 1963).

M i l k  y ie ld

The average daily milk yields per cow on each treatment are given in Table 3. 
Throughout the trial, yields were at a satisfactory level and substantial differences 
were recorded between treatments. On average the yield of milk was significantly 
higher (P < 0-01) by 4-2 lb/day when the level of concentrate feeding was increased 
from the low to the high level. The increase in yield as a result of the fodder-beet 
feeding averaged 2-1 lb/day and was also significant. These increases in the yield of 
milk were additive. Treatment B, containing fodder-beet and a low level of concen
trates, gave an average yield of 31-8 lb/day, which was significantly lower than the 
yield on treatment C, 33-9 lb/day, which supplied no fodder-beet but a high level of 
concentrates.
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M i l k  c o m p o s i t io n

(a ) Whole udder samples.
The average fat and s.x.F. percentages of the milk for the four treatments are given 

in Table 3. The fat percentage of the milk on all the treatments was high and there 
were no significant differences between treatments. The s .n .f . values showed pro
gressive increases from 8-42 % on treatment D to 8-64 % on treatment A. The largest 
differences were between rations with and without fodder-beet, and averaged 0T4%, 
which was statistically significant (P  < 0-01). The differences in the s .n .f . content 
caused by the two levels of concentrate feeding averaged 0-08 %, which was not quite 
significant ( P  >  0-05).

Table 3. T h e  m e a n  d a i l y  m i l k  y ie ld ,  c h e m ic a l  c o m p o s i t io n  o f  th e  m ix e d  m i l k  f r o m  
th e  ■w h o le  u d d e r  a n d  th e  m e a n  l i v e  w e ig h t  o f  th e  c o w s

Milk composition, %
Milk yield, (------------- A Live weight.

Treatment lb per cow per day Fat s.isr.F. lb

A 35-8 4-30 8-64 1087
B 31-8 4-29 8-56 1056
C 33-9 4-23 8-50 1082
D 29-5 4-20 8-42 1052

Standard error of +  0-60 +  0-07 +  0-04 +  7
a  difference be

tween two means

(b ) Quarter samples.
The presence of bacterial infection in a substantial proportion of quarters lowered 

the lactose percentage (and hence the s .n .f . percentage) and the casein number of the 
milk from those quarters. Because the worst affected cows were in this condition 
throughout the whole of the experiment the deleterious effect on milk composition 
was fairly evenly spread over all feeding treatments and no unequal bias was intro
duced. For milk from only those quarters judged to be healthy the s .n .f . values for 
the four feeding treatments were treatment A, 8-87%, B, 8-75%, C, 8-68% and 
D, 8-57%, each value being about 0-2 % higher than those shown in Table 3.

L i v e  w e ig h t

The average live weights of the cows on the four treatments are also given in 
Table 3. The fodder-beet had no significant effect on live weight, whereas the higher 
level of concentrates irrespective of root feeding significantly increased live weights 
(P < 0-01).

DISCUSSION

The results of this experiment agree well with those found in the earlier trial at 
this Institute when fodder-beet with a high dry-matter content was added to a basal 
diet of hay and silage (Castle e t a l . 1961). In the present trial the addition of 45 lb of 
fodder-beet (8-2-S -5 lb of beet dry matter) to the daily ration increased the total 
dry-matter intake by 5-0 lb, and this occurred at both a low and a high level of 
concentrate feeding. As expected, the fodder-beet was consumed readily by the



cattle but they did not refuse an equal and compensating weight of dry matter from 
the other feeds. The daily consumption of hay was virtually the same on rations 
either with or without fodder-beet and, as in the previous trial, the largest effect was 
on the silage part of the ration which decreased by 30 % at both levels of concentrate 
feeding when beet was offered. On average, for each 1 lb of beet dry matter eaten, 
there was a reduction of 0-40 lb of dry matter in the amount of basal feed consumed, 
which is avalué similar to that of 0-45 lb found in the previous experiment (Castle 
e t a l . 1961).

The average weight of dry matter eaten per day, expressed as a percentage of live 
weight, was 3-0% on the two treatments that included fodder-beet and only 2-5% 
on the treatments without beet. The beet was an extremely palatable feed and was 
always selected and consumed before either the hay or the silage when both feeds 
were offered together in the trough. The total weight of crude fibre in the rations 
without roots (treatments C and D) was 6-4 lb/day, which gives an average crude fibre 
percentage for the entire ration of 24, whereas on the treatments with roots (treat
ments A and B) the crude fibre intake was 5-6 lb and the percentage of crude fibre 
for the entire ration was 18. This value is close to the optimum of about 16% which 
Russell (1953) suggests should not be exceeded for high yielding cows.

The increases in the consumption of s .e . from treatment D to treatment A (Table 2) 
were accompanied by increases in the milk yield (Table 3). The overall response per 
1 lb of extra s .e . was 0-92 lb milk, but this average value obscured a difference 
between the effect of s .e . derived from concentrates and that from fodder-beet. When 
the level of concentrate feeding was increased from 1-75 to 3-50 lb per 10 lb of milk 
(treatments B + D compared with A + C) both the s .e . and the d .c .p . intakes were 
increased and the response per 1 lb of additional s .e . was on average 1-0 lb of milk. 
When the fodder-beet was added to the diet (treatments C + D compared with A + B) 
the s .e . intake was increased but the d .c .p . intake was virtually unchanged and the 
response per 1 lb of extra s .e . averaged only 0-74 lb of milk. The effect of the extra 
s .e . in increasing the s .n .f . content of the milk was evident also in this trial with a 
greater response from roots than from concentrates. For 1 lb of additional s .e . 
from concentrates the response was 0-02-0-03 % s .n .f ., whereas when beet was added 
to the ration the response was 0-05-0-08%. The latter value of 0-05% s .n .f . is the 
same as that recorded in the previous trial (Castle e t a l . 1961) when the additional 
s .e . was all derived from fodder-beet. The present experiment adds weight therefore 
to the suggestion then made that roots, with their high sugar content, are an ex
tremely useful supplement to diets containing silage, particularly where the s .n .f . 
percentage of the milk is low.

The object of analysing the milk of each cow by quarters was to guard against an 
accidental biasing of the results attributed to a feeding treatment by variations in 
milk composition caused by subclinical mastitis. The combined evidence of cell count, 
chemical composition and bacteriological examination showed that a high proportion 
of quarters w~as affected, most of them for the whole period of the experiment. The 
effect of the disease therefore was to lower the level of milk composition in general, 
rather than to influence the result of an individual feeding treatment.

One of the original aims of the experiment was to investigate the extent to which 
fodder-beet could compensate for a low level of concentrate feeding when it is known
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that roughages such as hay and silage cannot fully make up a deficit of concentrates 
in the ration. This involves a comparison of treatments C  and B (Table 2) and it will 
be seen that the inclusion of 45 lb of fodder-beet/day in the ration fully made up 
the deficiency of concentrate dry matter. On treatment C ,  without roots but with the 
high level of concentrates, the intake was 29-2 lb of dry matter/day, and on treat
ment B, with roots and a low level of concentrates, it was 29-3 lb/day. As a result of 
the lower s .e . and d .c .p . of the fodder-beet dry matter compared with the concentrate 
dry matter, the intake of nutrients on treatment B was lower than on treatment C ,  

particularly in d .c .p ., 2-2 lb/day on treatment B compared with 3-1 lb on treatment C. 
Because of these differences the mean daily milk yield on treatment B, 31-8 lb/day, 
was significantly lower than on treatment C ,  33-9 lb/day, although both the fat and 
the s .x .f . percentages were higher on treatment B than on treatment C .  The fodder- 
beet therefore, although compensating on a dry-matter basis for the 50 % reduction 
in the use of concentrates, did not produce an equal milk yield. The difference between 
the value of the milk and the cost of the daily ration at current prices for feed showed 
that treatment B was slightly more profitable than treatment C .  Such calculations 
are dependent on fluctuating prices charged for each feed, but it is clear that if the 
cost of the concentrates increased and the price for the milk either remained steady 
or fell slightly there would be an increasing advantage for treatment B compared 
with treatment C, especially where quality milk payments are made.

The inclusion of fodder-beet in the ration serves two purposes; it increases the total 
dry-matter intake whilst at the same time reducing the amount of fibre and it also 
provides more readily available energy which improves milk yield and the s .x .f . 
percentage. The increased dry-matter intake could be achieved by making a silage 
with a higher dry-matter content but, as recent work shows (Brown, 1962), there 
might be no improvement in milk yield and little or none in milk composition, 
probably because the pattern of the rumen fermentation would remain the same. 
Thus, even with high dry-matter silage, the addition of roots to the ration would 
still increase dry-matter intake, and in all likelihood the yield and s .n .f . percentage 
of the milk.

The authors thank Dr P. S. Blackburn for making the cell counts and bacterio
logical examinations of the milk, and Mr N. H. Strachan and Mr J. Abbot for the 
chemical analyses of the milk and feeds. They gratefully acknowledge also the help 
of the members of the Dairy Husbandry Department of the Institute who did much 
practical work and computing.
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o f  f e e d i n g  t r e a t m e n t s  o n  m i l k  c o m p o s i t i o n

B y  R .  W A IT E , J .  A B B O T  a n d  P .  S. B L A C K B U R N

T h e  H a n n a h  D a i r y  R e s e a r c h  I n s t i t u t e ,  A y r

(R e c e iv e d  17 J a n u a r y  1963)

S u m m a r y . To investigate whether milk of abnormal quality from some quarters of 
twelve cows on a Latin square type feeding trial would bias the results for chemical 
composition, the compositions of milk from normal and affected quarters were com
pared with each other and with that of the milk obtained from the whole udder by 
normal milking.

The average number of quarters producing abnormal milk in each of the four 
periods was eighteen, with only small variation between periods. Cell counts ranged 
from 50000 to 25 x 106/ml with 31% of them below 500000/ml; as cell count in
creased, lactose percentage and casein number fell. Pathogenic bacteria were de
tected in only 70% of the abnormal milks. The solids-not-fat (s .n . k.) percentage of 
milk from affected quarters was lower on average than that from healthy quarters 
by 0-43, the decrease resulting entirely from a lowered lactose percentage. The total 
nitrogen content was the same in both types of milk, but there was 4-5 % less casein 
in milks from affected quarters.

Because in this particular experiment the distribution of the abnormal milks was 
almost uniform over the four feeding treatments, the results obtained for treatment 
effect on milk composition by the normal milking method were not biased by the 
occurrence of disease, but the general level of composition was depressed by 0-2% 
fat and 0-2% s.N.u. In other experiments the incidence of disease might happen 
by chance to differ between treatments, with the result that the findings about 
milk composition could be erroneous.

In a previous note (Waite, 1961) the possibility was discussed that the results for 
milk composition from feeding trials with small numbers of cows might be inaccurate 
because of the effect of undetected udder damage or mastitis of the so-called sub- 
clinical type. Examples were given of affected quarters which produced milk having 
a lactose percentage only 70-80 % of that of the milk from the healthy quarters of 
the same udder at the same milking, and in which the casein number had fallen by
16-18 units. In a more detailed study of the milk from a cow, which p o s t  m o r te m  

was found to have had an undetected abscess in each of two quarters (Waite & 
Blackburn, 1963), the percentages of lactose and casein in milk from these quarters 
were seriously lowered and the level of blood serum proteins in the milk raised 
considerably.
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Cows such as those detailed in these communications show none of the signs of 
clinical mastitis such as heat, pain or swelling of the quarter and the milk does not 
contain clots. Pathogenic bacteria are frequently present in the milk at some time 
and the cell count is usually abnormally high, consisting of a large proportion of poly
morph (pus) cells. The disease, in short, is in a mild form which may or may not 
develop further and at this stage will be referred to as subclinical mastitis. The poor 
chemical quality of the milk of such cows may often therefore be erroneously dis
missed as the result of inadequate feeding or of an inferior genetic strain. In experi
mental work, however, chance infections or mechanical damage to the udder could 
invalidate the results for the effect of feeding treatment on milk composition (and 
possibly also on milk yield) if more cows were affected when on one treatment than 
on another. During the course of a recent feeding trial the opportunity was therefore 
taken to investigate this problem further.

EXPERIMENTAL

The design of the trial and a description of the cows, their feeding and management 
have been given in the preceding paper (Castle, Drysdale, Waite & Watson, 1963). 
The milks for the present study were taken with a bucket quarter milking machine 
from all the cows on two evenings in the final week of each treatment period and were 
analysed for total solids, fat, lactose, and total and casein nitrogen by methods 
previously described (Waite, White & Robertson, 1956). The total and differential 
cell counts of these samples were determined (Blackburn, Laing & Malcolm, 1955) 
and fore-milk from each quarter examined fortnightly for the presence of bacteria 
by the method of Blackburn (1956).

The criteria used to decide whether a milk from any quarter was abnormal were 
substantially the same as those suggested previously (Waite, 1961), i.e. (a ) a total 
cell count of more than 100000/ml in the milk of the fully milked quarter, (b) a 
lactose percentage at least 0-15-0-20 units lower, and (c) a casein number at least 
2-3 units lower than in the milk of the highest chemical composition from any other 
quarter of the udder at the same milking, and (d ) the presence of staphylococci, 
streptococci or coliform organisms in the fore-milk.

RESULTS

In the month preceding the experiment it was found that eight of the forty-eight 
quarters, one from each of five cows and three from another, were producing milk of 
abnormal composition. During the 16 weeks of the experiment more quarters became 
affected, giving totals for the twelve cows of fifteen in Period 1 , seventeen in Period 2, 
nineteen in Period 3 and twenty-one in Period 4. None of these cows exhibited the 
signs of clinical mastitis. The quarters producing abnormal milk are detailed in 
Table 1 from which it can be seen that four cows, nos. 9-12, contributed half or more 
of the abnormal samples in each period.

Not all the samples classed as abnormal exhibited all four criteria of abnormality 
(Table 1 ). A lowered lactose percentage and casein number occurred in all the 
abnormal samples and a high cell count in 85 % of them, but pathogenic bacteria 
were present in only fifty-six of the eighty abnormal samples (70%). Antibiotic
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treatment was given when coagulase positive staphylococci or any streptococci were 
detected, and although this frequently was without any marked effect it did in some 
cows temporarily remove bacteria from subsequent milk samples and reduce the 
cell count. Antibiotic treatment brought no improvement in the chemical composition 
of the milk.

Q u a r t e r  s a m p l e s  i n  a s s e s s i n g  f e e d i n g  t r e a t m e n t s

Table 1. T h e  n u m b e r  o f  q u a r te r s  p r o d u c in g  m i l k  o f  a b n o r m a l  
c o m p o s i t io n  i n  ea c h  p e r io d

Period
Cow ,------------------------------

no. Preliminary 1
A

2 3
\

4
i 0 0 0 0 0
2 0 0 0 1 1
3 0 0 1 1 0
4 0 0 1 1 1
5 0 1 1 1 1
6 0 1 1 1 2
7 1 1 1 1 1
8 1 1 1 3 3
9 1 2 3 2 3

10 1 3 2 2 3
11 1 3 3 3 3
12 3 3 3 3 3

Total 8 15 17 19 21 =  80

Four criteria 5 8 11 12 13 =  49
fulfilled

Three criteria 3 4 3 o 7 =  22
only fulfilled

Two criteria only 0 3 3 2 1 =  9
fulfilled

The cell counts have been arbitrarily grouped in five ranges in Table 2 and are 
shown for each period of the experiment. It can be seen that although abnormal in 
chemical quality, eleven (14%) of the samples contained less than 100000 cells/ml. 
Most of these occurred in the milk sample which first gave indications of abnormality.

The amount by which the lactose content in these samples fell below that in the 
milk of the unaffected quarters of the same udder at the same milking was recorded, 
and the average for each cell count group is included in Table 2. There was con
siderable variation about the averages, but it is clear that even cell counts below 
100000/ml in these abnormal samples were associated with an appreciable decrease 
in lactose percentage, and that above 100000/ml the lactose percentages were 
seriously lowered. All four types of bacteria listed in the lower part of Table 2 
occurred in the fore-milk of quarters which gave milk of abnormal chemical quality. 
Neither coagulase positive staphylococci nor any streptococci were present in milks 
in which the cell count was below 100000/ml.

A comparison has been made between the average chemical composition of the 
milk from the healthy and the affected quarters of each cow taken at the same 
milkings during the 16 weeks of the experiment. These results are given in Table 3, 
where the number of quarters producing the milks is also shown. (Cow no. 1 had no 
affected quarters in any period.) The biggest differences were in the milks from cows
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with two or three affected quarters, leading to a decrease in the s .n .f . percentage of 
approximately 0-6. These lower s .n .f . values were brought about entirely by a cor
responding decrease in the lactose percentages, the crude protein values (total N  
x 6-38) being essentially the same in both sets of milks. The proportion of the total 

nitrogen contributed by casein in the milk from affected quarters (casein number) 
was about 10 % less than that in the milk from healthy quarters. The fat percentage 
in the milk from the affected quarters was also lowered appreciably.

R .  W a i t e ,  J .  A b b o t  a n d  P .  S .  B l a c k b u r n

Table 2. T h e  d i s t r i b u t i o n  o f  c e ll c o u n ts ,  th e  d e c re a se  i n  la c to se  p e r c e n ta g e  a n d  th e  

in c id e n c e  o f  b a c te r ia  i n  m i l k  f r o m  a ffe c te d  q u a r te r s

Cell count/ml milk

No. of 100 000 500 000
affected Below to to

Period quarters 100 000 500 000 1 000 000 1-5 x 106 > 5x  10s
Preliminary 8 1 2 2 2 1

1 15 3 4 2 3 3
2 17 4 6 3 4 —

3 19 2 9 1 6 1
4 21 1 9 2 7 2

Total 80 11 30 10 22 7

Average decrease in lactose percentage in each cell count group
Preliminary 8 0-10 0-49 0-51 0-72 1-00

1 15 0-25 0-23 0-56 0-61 0-89
2 17 0-22 0-42 0-35 0-69 —

3 19 0-25 0-33 0-76 0-60 103
4 21 0-31 0-54 0-84 0-77 0-61

Average* 0-23 0-41 0-56 0-62 0-84

The incidence of bacteriaf in each cell count group
Preliminary 3 0 IS 0 1 Str IS

1 11 lm 3m, IS 2m 3S 1 Str
2 12 2m 2m, 3S lm, IS 3S —

3 15 2m 3m, IS 1 Str 6S IS, 1 Str
4 15 lm lm, 2S, 1C IS 4S, 3 Str 2S

Total 56 6 18 6 20 6

* Weighted for the number of samples.
t  m, coagulase negative staphylococci; S, coagulase positive staphylococci; Str, streptococci; C, coli- 

form organisms. The number preceding the letter refers to the number of samples so infected.

The relationship between lactose percentage (which would be only slightly affected 
by feeding treatment) and log cell count was examined statistically for each cow, 
using the results from quarters giving both normal and abnormal milk. The regression 
coefficient, the standard error o: the coefficient and the degree of statistical signifi
cance as indicated by the analysis of variance are given in Table 4. As would be 
expected, where a cow produced little or no abnormal milk during the experiment 
there was no significant relationship and the regression coefficient was small, but in 
the badly affected cows (nos. 9-12) a tenfold increase in cell count led to a fall in the 
lactose percentage (and hence in s .n .f . percentage) of from 0-1 to 0-5 %.

In Table 5 the analyses of the normal and abnormal milks from the eleven cows 
with the quarters giving abnormal milk have been grouped by feeding treatment (for



details see preceding paper by Castle e t a l . 1963). There were seventy-two abnormal 
and 104 normal samples, the abnormal milks occurring eighteen, nineteen, eighteen 
and seventeen times in treatments A to D, respectively. Because of the dispropor
tionately large contribution of abnormal milks made by four cows throughout the 
whole experiment (nos. 9-12 in Tables 1 and 2), the lowered s .n .f . and lactose per-

Table 3. A  c o m p a r is o n  o f  th e  c h e m ic a l  c o m p o s i t io n  o f  m i l k  f r o m  th e  h e a l th y  q u a r te r s  

w i t h  th a t  o f  th e  m i l k  f r o m  th e  a ffe c te d  q u a r te r s  o f  th e  s a m e  c o w s

Q u a r t e r  s a m p l e s  i n  a s s e s s i n g  f e e d i n g  t r e a t m e n t s  2 1 3

Cow No. of Fat, S.N.F., Lactose, Crude Casein
no. Quarters quarters % % % protein, % no.

2 Healthy 3 5-66 8-79 4-55 3-28 79-1
Affected 1 5-48 8-58 4-28 3-38 76-7

3 Healthy 3 4-20 8-75 4-68 3-18 79-3
Affected 1 4-09 8-68 4-60 3-16 77-6

4 Healthy 3 4-98 8-90 4-88 3-12 80-8
Affected 1 4-78 8-57 4-59 3-09 78-5

5 Healthy 3 5-68 9-11 4-46 3-73 79-5
Affected 1 5-67 8-74 4-19 3-75 76-8

6 Healthy 3 4-81 9-01 4-48 3-66 78-4
Affected 1 4-53 8-65 4-13 3-64 75-5

7 Healthy 3 5-52 8-65 4-45 3-28 76-0
Affected 1 5-05 8-31 4-09 3-29 70-9

8 Healthy 2 5-41 8-54 4-40 3-20 75-2
Affected 2 4-95 7-98 3-77 3-26 69-2

9 Healthy 2 4-58 8-67 4-61 3-12 77-6
Affected 2 4-24 8-08 4-03 3-09 71-5

10 Healthy 1 4-69 8-47 4-78 2-79 77-9
Affected 3 3-95 7-83 4-27 2-71 70-7

11 Healthy 1 416 8-91 4-68 3-32 79-1
Affected 3 3-79 8-43 4-21 3-33 73-7

12 Healthy 1 4-42 8-53 4-65 3-01 74-7
Affected 3 3-66 7-74 3-86 2-98 66-9
Mean—Healthy 4-92 8-76 4-60 3-24 78-0
Mean—Affected 4-56 8-33 4-18 3-24 73-5

Table 4. T h e  r e g r e s s io n  o f  la c to se  p e r c e n ta g e  (y ) o n lo g  c e ll c o u n t  (x )

Cow Regression S.E. of Significance
no. coefficient coefficient of F  value

1 -0-005 ±0-010 N.S.
2 -0-066 ±0-030 *
3 -0-070 ±0-071 N.S.
4 -0-004 ±0-018 N.S.
5 -0-285 ±0-045 *
6 -0-051 ±0-045 N.S.
7 -0-463 ±0-047 **
8 -0-025 ±0-021 N.S.
9 -0-391 + 0-051 ***

10 -0-545 ±0-107 ***
11 -0-133 + 0-027 ***
12 -0-354 ±0-067 ***

N.S. =  not significant.
* = P  < 0-05; ** = P  < 0-01; *** = P  < 0 001.
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centages and casein numbers were distributed fairly equally between the four feeding 
treatments. Feeding treatment effects therefore followed the same pattern in the milk 
from both affected and healthy quarters, although in the abnormal milks the 
compositional level was lower by 0-37-0-51 % s .n .f ., 0-43-0'60 % lactose, 3-6-7-4 
casein number units and 0-35-0-47 % fat. In treatment D the effect was slightly 
greater than in the other three treatments. When the composition of the milk from the 
healthy quarters of all the twelve cows was compared with the results of Castle e t a l .

(1963) for the milk of all the quarters, the former contained approximately 0-2% 
more s .n .f . :

R .  W a i t e ,  J .  A b b o t  a n d  P .  S .  B l a c k b u r n

Treatment A B C D
Healthy quarters (12 cows) 8-87 8-75 8-68 8-57
Mixed milk (Castle et al. 1963) 8-64 8-56 8-50 8-42

Allowing for the higher fat percentage in the present (evening) milks it is probable 
that the presence of the abnormal milks depressed the fat percentages recorded by 
Castle e t a l . by about half the difference between those for normal and abnormal milk 
(Table 4), i.e. by about 0-2 %.

M i l k  y ie ld .  When the milk yields of the affected quarters were inspected it was clear 
that an appreciable loss of milk had occurred, but it was difficult to be certain of the 
amount because of the possibility tha/t compensation had occurred in the corre
sponding healthy quarter. Since all except one cow (no. 12 ) started the lactation free 
from disease the probable loss in milk yield has been estimated by comparison with 
the proportionate yield of normal quarters. For the eleven cows with affected quarters 
the average loss in milk was about 14 % of their recorded yield, or 4-5 lb per cow 
per day, assuming no compensation to have taken place.

Table 5. T h e  e ffe c t o f  f e e d i n g  t r e a tm e n t  o n  th e  c o m p o s i t io n  o f  m i l k  

f r o m  h e a l th y  a n d  a ffe c te d  q u a r te r s

Treat
ment Quarters

Fat,
0//o

S.N.I-.,
O//o

Lactose,
%

Crude 
protein, % Casein, %

Casein
no.

A Healthy 4-97 8-88 4-64 3-34 2-61 78-1
Affected 4-64 8-44 4-18 3-33 2-48 74-5

B Healthy 4-94 8-76 4-64 3-22 2-51 78-8
Affected 4-50 8-34 4-17 3-24 2-36 73-7

C Healthy 4-92 8-66 4-63 3-18 2-47 77-7
Affected 4-45 8-29 4-21 3-22 2-36 73-3

D Healthy 4-97 8-60 4-60 3-11 2-42 78-1
Affected 4-60 8-09 4-00 318 2-25 70-7

DISCUSSION

The considerable amount of milk of abnormal composition produced by some 
quarters in the feeding trial described by Castle e t a l . (1963) did not affect the estimate 
of the effect of the four rations on the chemical composition of the milk. This was 
because on each feeding treatment the numbers of abnormal samples were very 
similar and the four cows worst affected were in that condition throughout the whole 
experiment. This seems an additional advantage of the Latin square design of such 
feeding trials and a very different result could have been obtained in a trial where all 
cows did not receive all the feeding treatments.
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The evidence provided by the cell counts and bacteriological examination indicates 
that most of the abnormality in chemical composition was the result of subclinical 
mastitis. Although the effect of this condition is usually to lower the s .n .f . per
centage of the milk, here there was also a marked decrease in fat percentage. How
ever, if the poorer composition of such abnormal milks results from an infiltration of 
blood serum it could be expected to dilute both fractions.

The results emphasize the part that udder damage or infection can play in lowering 
the chemical quality of the milk not only of individual cows but also of a group of 
twelve, which is the size of many small herds.

Q u a r t e r  s a m p l e s  i n  a s s e s s i n g  f e e d i n g  t r e a t m e n t s
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A  n o t e  o n  t h e  e f f e c t  o f  h e a t  o n  t h e  c o l o u r  o f  g o a t ’s  m i l k

By H . B U R T O N

T h e  N a t i o n a l  I n s t i t u t e  f o r  R e s e a r c h  i n  D a i r y i n g ,  S h in f i e l d ,  R e a d in g  

[ R e c e iv e d  20 N o v e m b e r  1962)

S u m m a r y . Goat’s milk heated at temperatures in the range 94—120 °C underwent 
the same colour changes as previously found for cow’s milk, i.e. whitening followed 
by browning. The rate of browning varied with temperature according to Arrhenius’s 
Law, and had a Q 10 between 95 and 120 °C of 2-6-2-7. This is slightly lower than the 
value found for cow’s milk. It was difficult to produce whitening curves for milk 
heated at 75-100 °C because of unexplained reflectance variations. It appeared that 
the amount of whitening which could be produced became less as the interval after 
milking increased.

The changes in the colour of cow’s milk which occur on heating have been studied 
in some detail (Burton, 1954, 1955 a, b ). Some general results have now been obtained 
on the corresponding changes in goat’s milk.

EXPERIMENTAL

Samples of milk (each of 10 ml) were heated in thin-walled aluminium tubes, 
9-5 cm long and 1-5 cm diameter: rubber inserts in the screwed caps of the tubes pre
vented leakage at treatment temperatures above 100 °C. The tubes were immersed 
for heating in a thermostatically controlled, electrically heated oil bath. The time 
required for the milk to reach the bath temperature (approximately 2 min) was 
neglected in stating the treatment time. The tubes were cooled in flowing tap water 
for 2 min and finally placed in water at room temperature for at least 1 h before 
colour measurement, to allow the reflectance of the milk to reach equilibrium at the 
value corresponding to room temperature (Burton, 1956 a).

The colour of the milk wTas determined as its spectral variation of reflectance, using 
an EEL reflectance spectrophotometer (Evans Electroselenium Limited). The 
reflectance of the milk relative to opal glass was measured at a series of nine wave
lengths defined by filters in the range 400-700 mp (Burton, 19566). Changes in 
colour were determined by reflectance measurements with a single filter (no. 602) 
giving a mean wavelength of 470 mp, and the results were expressed as a percentage 
of the value for an unheated control.

It is impossible to measure the reflectance of cow’s milk after heating unless the 
milk has previously been homogenized, because rising of the fat interferes with the 
measurement. Unhomogenized goat’s milk can, however, be heated and the reflect
ance measured without difficulty because of the small size of the fat globules. How-



2 1 8 H .  B u r t o n

ever, it is still desirable to homogenize goat’s milk in practice if the milk is to be 
stored for more than 3-4 days, as a shallow cream layer will form. Therefore colour 
measurements were made of both unhomogenized and homogenized milk. The homo
genization temperature was limited to 40 °C to avoid colour changes before the 
experimental heat treatment.

RESULTS AND DISCUSSION

T h e  e ffe c t o f  h e a t  t r e a tm e n t  o n  th e  s p e c t r a l  v a r i a t i o n  o f  r e f le c ta n c e  o f  g o a t 's  m i l k

The spectral variations of reflectance for raw, unhomogenized goat’s milk and for 
the same milk heated for 90 and 225 min at 94-5 °C are shown in Fig. 1 . The spectral 
variation for the unheated milk was found to be somewhat different from that

Wavelength, mfi

Fig. 1. Effect o f heating at 94-5 °C on the spectral variation o f reflectance 
o f unhomogenized goat’s milk.

previously reported for cow’s milk. There was less change in the reflectance values 
throughout the spectrum, and in particular the high values found with cow’s milk 
at wavelengths of about 600 m u  were not obtained with goat’s milk. This is almost 
certainly because of the low carotene content of goat’s milk.

When the milk was heated, the reflectance curves changed in the same way as the 
curves for cow’s milk. Heating for 90 min caused an increase in reflectance throughout 
the spectrum, representing a whitening of the milk (Burton, 1955a). More severe 
heating for a time of 225 min caused a drop in reflectance throughout the spectrum, 
with the greater drop in the green and blue regions of the visible spectrum which 
constitutes browning.

T h e  e ffe c t o f  t e m p e r a tu r e  o n  th e  ra te  o f  b r o w n in g

Fig. 2 shows the changes in the relative reflectance at a wavelength of 470 mp for 
unhomogenized goat’s milk heated for different times at temperatures between



approximately 94 and 120 °C. Curves for homogenized goat’s milk heated for similar 
times and temperatures are shown in Fig. 3.

For each temperature there was an initial increase in reflectance representing 
whitening, followed by a decrease in reflectance which was sensibly linear over the 
range of heat treatments used. The rate of browning over the linear part of the curve 
may be calculated as the percentage decrease in reflectance for a 10 min interval.
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Fig. 2. Variation of relative reflectance w ith tim e o f heating for unhomogenized goat’s milk.

Fig. 3. Variation of relative reflectance w ith tim e o f heating for homogenized goat’s milk.
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Fig. 4 shows the variations of the logarithm of the rate of browning with temperature 
for the homogenized and the unhomogenized samples.

The browning reaction for homogenized milk obeyed Arrhenius’s Law, as shown 
by the good linear relationship in Fig. 4. The Q 10 of the reaction was 2-6. The linear 
relationship was less good with unhomogenized milk, and showed some deviation at 
low temperatures. The Q 10 for unhomogenized milk was 2-7. There was therefore no 
marked difference in the behaviour of homogenized and unhomogenized goat’s milk. 
These Q m  values were lower than those for cow’s milk, 2-9-3-1, determined by Burton
(1954).

Fig. 4. Variation of rate o f browning w ith temperature for unhomogenized 
and homogenized goat’s milk.

T h e  w h i t e n in g  o f  g o a t 's  m i l k

It is clear that goat’s milk shows whitening, as evinced by a rise in reflectance over 
the whole visible spectrum, when it is heated to temperatures above about 75 °C. 
However, it proved unexpectedly difficult to produce curves relating rise in reflect
ance to time and temperature. For cow’s milk it has been shown to be difficult to 
relate the amount of whitening to milk composition after a constant heat-treatment,
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because of the wide variations obtained with apparently similar samples (Burton, 
19556). With goat’s milk, wide variations in reflectance values were found for samples 
of the same milk heated at the same temperature. Typical whitening results are 
shown in Fig. 5 (a ) and (6). The results for any one temperature were irregular, and 
it is difficult to construct a curve showing the variation of whitening with time for a 
constant temperature: the curve for one temperature tends to overlap the curves for 
others.

E f f e c t  o f  h e a t  o n  c o l o u r  o f  g o a t ' s  m i l k

C

Fig. 5. The effect o f tim e and temperature on the reflectance of a sample of homogenized goat’s 
milk, (a) On day o f milking, pH  6-63; (6) after 48 h at 5 °C, pH  6*48.

It has been suggested that the whitening of milk on heating is caused by the 
dénaturation and subsequent aggregation of the soluble proteins (Burton, 1955a). 
The Aschaffenburg turbidity test for sterilized milk is based on the same phenomena, 
and Aschaffenburg (pers. comm.) found when applying this test to samples with faint 
residual turbidities that the amount of turbidity produced was highly sensitive to 
slight variations in the test procedure, e.g. in the amount of agitation of the sample. 
It is possible that the random variations in whitening found here arose from 
similar causes. Attempts to reduce the variations, by strict control of cooling 
of the sample and by avoiding unnecessary agitation of the milk, were not suc
cessful, however. Goat’s milk appears to be more subject to these variations than



cow’s milk, and the cause may lie in differences in the structure of the soluble 
protein.

In spite of variations, a general order of whitening can be found for any sample. 
It appears that the maximum amount of whitening in Fig. 5 (a ) is about 5 % and 
that in Fig. 5 (b) is about 3 %. These two sets of results were obtained with the same 
sample of homogenized goat’s milk measured (a ) on the day of milking, and (b ) 2 days 
later after storage at 5 °C. Similar results were obtained with unhomogenized milk. 
It seems, therefore, that in addition to being unusually sensitive to factors which 
affect the amount of whitening on heating, goat’s milk when stored raw undergoes 
spontaneous changes which reduce the amount of whitening produced by subsequent 
heating. Changes in pH of the milk were too slight to have been responsible, as all 
the samples measured had pH values in the range 6-5-6-6. Protein changes may be 
the cause and further investigation may be worth while.

I express my thanks to Mr J. A. Pavey for his help with the experimental work.
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A  q u a n t i t a t i v e  s t u d y  o f  c h a n g e s  i n  d r i e d  s k i m - m i l k  a n d  

l a c t o s e - c a s e i n  i n  t h e  ‘ d r y ’ s t a t e  d u r i n g  s t o r a g e

By E . L . R IC H A R D S

C h e m is t r y  a n d  B io c h e m is t r y  D e p a r tm e n t ,  M a s s e y  U n iv e r s i t y  C o lleg e , 

P a lm e r s to n  N o r th ,  N e w  Z e a la n d

(R e c e iv e d  13 D e c e m b e r  1962)

S u m m a r y . Changes in dried skim-milk and in lactose-casein in the ‘ dry ’ state during 
storage at 45 °C and 75 % r.h. have been studied by the determination of free amino-N, 
e-amino groups of lysine, galactose, lactulose, tagatose and l-amino-l-deoxy-2- 
ketoses, and by the measurement of changes in colour, solubility and ferricvanide 
reducing power.

In both systems there is initially a close relationship between the formation of
l-amino-l-deoxy-2-ketoses and the decrease in free amino-N. This conforms with an 
Amadori rearrangement of an initially formed lactose-protein complex. Change in 
colour is rapid only after there has been a rapid formation of l-amino-l-deoxy-2- 
ketoses and a corresponding decrease in free amino-N. This conforms with browning 
being due to a breakdown of the Amadori rearranged complex.

It is postulated that galactose and tagatose may be formed by both the base- 
catalysed degradation of lactose and also by breakdown of the Amadori rearranged 
lactose-protein complex. Lactulose is postulated to be formed only by base-catalysed 
degradation of lactose.

After an extensive study of the effect of storage on skim-milk powder Henry, Kon, 
Lea & White (1948) concluded that a major cause of deterioration is a reaction 
between the free amino groups of the milk protein, largely the e-amino groups of 
lysine and the potential aldehyde group of lactose. They found that the reaction took 
place in two stages, the primary combination resulting in neither discoloration nor 
loss of solubility, these effects following only as a result of secondary changes which 
were at that time not fully understood. Their conclusions have been confirmed by the 
isolation of a sugar-protein complex from a reaction in the ‘ dry ’ state between glucose 
and casein (Lea & Hannan, 1950 a). Because they failed to recover glucose from this 
complex on hydrolysis and because of its strong reducing power Lea & Hannan 
(19506) proposed that the complex was not a simple N-glycoside, although such a 
substance may well be formed first, but is the product of isomerization as a result of 
some intramolecular change such as the Amadori rearrangement. Evidence that 
such changes do occur in heated milk has been provided by Adachi (1956), who 
isolated from the tryptic hydrolysate of the proteins of evaporated milk both amino 
acid glycosides with the structure of Schiffs bases, and also others with the structure



of IST-substituted 1-amino-l-deoxy-2-ketoses. The latter presumably were formed by 
an Amadori rearrangement.

It is now generally considered that the main pathway for the deterioration of dried 
sk:m-milk during its storage is the formation of a protein-lactose complex and its 
Amadori rearrangement. However, the mechanism of the formation of lactose 
degradation products such as galactose, lactulose and tagatose which have been 
found in stored dried skim-milk (Richards & Chandrasekhara, 1960) is open to 
speculation.

In this paper an attempt has been made to gain a better understanding of the 
mechanisms of deterioration of dried skim-milk and ‘ dry ’ lactose-casein and of the 
formation of lactose degradation products in these systems by following, quantita
tively, many of the changes associated with browning.
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EXPERIMENTAL

D r ie d  s k i m - m i l k .  Fresh, unheated cow’s milk was warmed to 37 °C and the fat 
removed by centrifugal separation. The skim-milk (6 1) was freeze dried and the 
product powdered, mixed and then immediately placed in storage containers.

L a c to s e -c a s e in . Casein was prepared from fresh unheated cow’s milk (5 1), after 
centrifugal separation of the cream, by adding 0T n -HC1 slowly with stirring until 
the pH dropped to 4-6. The precipitate was allowed to settle and the whey was then 
removed by siphoning. The precipitate was washed five times by stirring it with 
distilled water (3 1 portions), allowing the precipitate to settle and then removing 
the wash-water by siphoning. The casein was suspended in water (4 1) and the pH of 
the suspension adjusted to 6-3 by adding 0T N-NaOH slowly with stirring. As the 
casein dissolved the pH dropped and was adjusted to 6-3 by the addition of further 
0T N-NaOH. When the casein was completely dissolved the pH was finally adjusted 
to 6-3 and lactose (230 g) was added and dissolved by stirring. The solution was 
filtered and then freeze-dried. The lactose-casein thus prepared consisted of white 
glistening flakes which were powdered, mixed and then immediately placed in 
storage containers.

iS to ra g e . The dried skim-milk and lactose-casein were stored at 45° C in airtight 
jars partly filled with a saturated solution of sodium chloride giving a relative 
humidity of 75%. The materials were held in thimbles of Whatman 3 MM paper 
(9 cm diameter x 18 cm) which were placed on glass stands so as to be above the salt 
solution.

M e a s u r e m e n t  o f  c o lo u r . Samples of the stored materials were ground and sieved 
and the fraction passing a 30-mesh test sieve (B.S. 410: 1943 for sieves) but held on 
a 60-mesh test sieve was examined in an EEL reflectance spectrophotometer using 
magnesium carbonate as a standard white surface. Colour has been reported as the 
reciprocal of percentage full-scale deflexion using filter 601 (4250 A).

S o l u b i l i t y .  The standard method of the American Dry Milk Institute (1954) was 
used to determine solubility at 37 °C.

E s t i m a t i o n  o f  f r e e  a m in o  g r o u p s . Free amino-N was determined by the manometric 
method of Van Slyke according to the procedure described by Lea (1948) using a 
reaction time of 30 min at 25 CC.
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E s t i m a t i o n  o f  f r e e  e - a m in o  g r o u p s  o f  l y s in e .  Free e-amino groups of lysine were 
determined by the method of Carpenter (1960) modified byreplacing stage 3 (extrac
tion with methoxycarbonyl chloride) with a chromatographic separation of e-DNP- 
lysine (Baliga, Bayliss & Lyman, 1959). The eluate from the area of the paper chro
matogram containing e-DXP-lysine was made up to 25 ml in a volumetric flask with 
N-liCl and its extinction coefficient was read at 435 rn/x in a Beckman model DU  
spectrophotometer. The concentration of e-DNP-lysine was then read from a standard 
curve that had been prepared using e-DNP-lysine hydrochloride synthesized by the 
method of Porter & Sanger (1948).

C h a n g e s  i n  d r i e d  s k i m - m i l k  d u r i n g  s t o r a g e

E s t i m a t i o n  o f  c a r b o h y d r a te s

1 . E x tr a c t io n .  Samples (10 g) were stirred at 37 °C with water (40 ml) for 30 min 
and then 95 % ethanol (170 ml) also at 37 °C was added with further stirring. After 
filtration any residue was extracted twice more using the same procedure. The com
bined extracts were then concentrated under vacuum and made up to 25 ml in a 
volumetric flask with distilled water.

2. C h r o m a to g r a p h ic  s e p a r a t io n . Portions of the extracts (0-4 ml) were applied as 
narrow bands (10 cm long) to acid washed Whatman 3 MM paper and chromato
graphed for 24 h using the organic phase of ethyl acetate-acetic acid-water (3:1:1) 
as the developing solvent. The papers were dried for 24 h at room temperature and 
then guide strips were sprayed with p-anisidine hydrochloride reagent and heated. 
The areas of the main chromatogram corresponding to each sugar in the guide strip 
were eluted and the volume of each eluate adjusted to 10 ml. For each sugar a 
blank portion of similar area from the same chromatogram was eluted to provide a 
blank.

3. E s t i m a t i o n .  Galactose was estimated in the appropriate eluates by both the 
method of Nelson (1944) and that of Bath (1958). Tagatose and lactulose were esti
mated by Bell’s (1955) resorcinol method for ketoses. Standard curves were prepared 
using crystalline D-tagatose (L. Light and Co. Ltd.) and d-lactulose prepared by the 
method of Montgomery & Hudson (1930) modified in that ion exchange resins were 
used to remove inorganic compounds.

F e r r i c y a n id e  r e d u c in g  v a lu e . Samples (1 g) were mixed with water (30 ml) at 20 °C 
in a Waring blendor and the reducing value of this suspension determined by the 
Chapman-McFarlane method for the estimation of acid ferricyanide reducing groups 
as modified by Choi, Koncus, Cherrey &  Remaley (1953).

l - A m in o - l - d e o x y - 2 - k e t o s e s .  These were estimated by the method of Keeney & 
Bassette (1959) which depends upon the digestion of the sample under optimum 
conditions for the production of 5-hydroxymethylfurfural from 1 -amino-l-deoxy-2- 
ketoses without causing primary degradation of ketose to 5-hydroxymethylfurfural.

P r o te in - la c to s e  c o m p le x .  A sample of dried skim-milk (5 g) which had been stored 
for 22 days, and a sample of lactose-casein (10 g) which had been stored for 10 days, 
were mixed with water, transferred to narrow (3 cm diameter) Cellophane sacs and di
alysed for several days against many changes of distilled water. When free sugars could 
no longer be detected in the liquid in the dialysis sacs by paper chromatography, the 
dialysed materials were freeze dried and stored again under the conditions previously 
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detailed. The complexes were examined chromatographically for sugars after storage 
for 10 and 31 days and quantitatively for free 5-hydroxymethylfurfural (Keeney & 
Bassette, 1959) and changes in colour after storage for 31 days.

BESULTS

C h a n g e s  i n  c o lo u r

The development of a brown colour with time in both dried skim-milk and lactose- 
casein is shown in Fig. 1 . It can be seen that while the casein-lactose was appreciably 
lighter in colour than the dried skim-milk before storage, it developed a brown colour 
more rapidly. In both systems the rate of discoloration was roughly linear over most 
of the storage period (cf. Henry e t a t . 1948). Lea & Hannan (1949) found in their 
study of casein-glucose that a marked lag period preceded the development of colour. 
Such a lag is not clear in Fig. 1 but the matter is discussed later (p. 231).
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Fig. 1. Changes in colour of dried skim-milk (O) and lactose-casein (#) in the ‘d ry’ state 
during storage at 45 °C and 75% r.h.
Fig. 2. Change in solubility of dried skim-milk stored at 45 °C and 75 % r.h.

C h a n g e s  i n  s o lu b i l i t y

The effect of storage at 45 °C and 75 % r.h. on the solubility measured at 37 °C 
of dried skim-milk is shown in Fig. 2. There was no lag in the onset of loss of solubility 
as was found for skim-milk powder stored at 20, 28-5 and 37 °C by Henry e t a l . (1948). 
The lactose-casein system behaved similarly to the glucose-casein complex studied by 
Lea & Hannan (1949) in that it had a definite affinity for water even when markedly 
coloured. After storage it formed a gel rather than a true solution and this made it 
difficult to decide when insolubility began. For this reason no results are reported.
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Fig. 3. Loss of free amino nitrogen by the protein of dried skim-milk (O) and ‘d ry’ lactose- 
casein (•)  during storage at 45 °C and 75 % r.h.
Fig. 4. Loss of lysine e-amino groups by the protein of dried skim-milk (O) and ‘d ry’ lactose- 
casein (•) during storage at 45 °C and 75% r.h.

Fig. 5. Production of galactose (O), lactulose (•)  and tagatose (A) during the storage of 
A, dried skim-milk and B, ‘d ry ’ lactose-casein at 45 °C and 75% r.h.
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C h a n g e s  i n  f r e e  a m in o  g r o u p s

The results summarized in Fig. 3 show the very rapid loss in the free amino groups 
of the protein that occurred during the storage of both skim-milk powder and lactose- 
casein. In both systems more than 50 % of the free amino groups originally present 
were modified in the first 10 days of storage.

C h a n g e s  i n  f r e e  e - a m in o  g r o u p s  o f  l y s in e

The method used gave the expected results when applied to sodium caseinate 
(51 mg/g protein N) and gelatin (28 mg/g protein N) but did not do so for dried skim- 
milk or lactose-casein even when allowances were made by recovery trials for loss of

Reducing power, mg ferricyanide/g total N

Fig- 1
Fig. 6. Increase in the reducing power of dried skim-milk (O) and ‘ dry ’ lactose-casein (•) during 
storage at 45 °C and 75 % r.h.
Fig. 7. Relationship between increase in reducing power and loss of free amino-N in dried 
skim-milk (O) and ‘d ry’ lactose-casein (•) during storage.

e-DNP-lysine during the hydrolysis stage of the determination. However, since the 
values obtained were reproducible under the standard experimental conditions used 
they are reported here in Fig. 4. The determination of e-amino groups of lysine in the 
presence of carbohydrate is being further investigated.
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C h a n g e s  i n  c a r b o h y d r a te s

The changes in the levels of galactose, lactulose and tagatose are shown in Fig. 5 . 
Galactose was present in the dried skim-milk before storage but in the lactose-casein 
there was a 24-h delay before it was detectable. In both systems there was a rapid 
increase in the galactose content until a maximum was reached after about 50 days’ 
storage. There was also a delay before lactulose and tagatose could be detected. As 
can be seen in Fig. 5 the concentration of these sugars was at all times much lower 
than that of galactose.

Fig. 8. Formation of l-amino-l-deoxy-2-ketoses during the storage of dried skim-milk (O) 
and ‘d ry ’ lactose-casein (•)  at 45 °C and 75% r.h.

C h a n g e s  i n  f e r r i c y a n i d e  r e d u c in g  p o w e r

The results summarized in Fig. 6 show that as with many of the other changes 
studied in these experiments there was an initial rapid increase in reducing power 
which reached a maximum after 50-60 days of storage and then declined. Henry e t a t .  

(1948) showed that the increase in reducing power towards ferricyanide, as measured 
by the Chapman & McFarlane method, correlated well with the progress of the primary 
sugar-amino reaction until about half of the total free amino nitrogen had been 
complexed. Fig. 7, in which reducing power towards ferricyanide is plotted against 
free ammo nitrogen, confirms this relationship in dried skim-milk and shows that it 
also holds for lactose-casein.
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C h a n g e s  i n  1 - a m in o - 1 - d e o x y - i - k d o s e s

The results are summarized iu Fig. 8 where it can be seen that again there was an 
initial rapid increase towards a maximum value which was reached after about 
50-60 days.

C h a n g e s  i n  p r o te in - la c to s e  c o m p le x  o n  s to ra g e  

No sugars could be found by paper chromatography in the protein-lactose com
plexes obtained by dialysis of stored dried skim-milk and lactose-casein when such 
complexes had been stored for a further 10 days. However after 31 days’ storage 
galactose was readily identified chromatographically but lactulose was not. During 
the further storage of 31 days the colour of the complex from dried skim-milk 
increased from 0-033 to 0-042 units and that from lactose-casein from 0'-025 to
0-033 units. Free 5-hydroxymethylfurfural was formed in both the former (0-058 mg/g) 
and the latter (0-023 mg/g).

Fig. 9. Relationship between the formation of l-amino-l-deoxy-2-ketoses and the decrease in 
free amino-N in dried skim-milk ( O )  and ‘d ry’ lactose-casein (Q) during storage.

DISCUSSION

Gottschalk (1952) found that the outstanding property of 1 -amino-1 -deoxy-2-ketoses 
was the ease with which they form 5-hydroxymethylfurfural upon mild acid treat
ment, and since even the acid labile D -fructose does not yield appreciable amounts of
5-hydroxymethylfurfural under the same conditions he proposed that the production 
of the latter compound by dilute acid may be used as a tracer for 1 -amino- 1 -deoxy-
2-ketoses. Keeney & Bassette (1959) made use of this in their determination of 
‘potential’ 5-hydroxymethylfurfural which they realized was being formed from
1-amino-l-deoxy-2-ketoses under the digestion conditions they used. In this paper



then ‘potential ’ hydroxy methyl furfural is being used as a measure of 1-amino-1-deoxy-
2-ketoses. Fig. 9 shows that an almost linear relationship existed between the forma
tion of 1-amino-l-deoxy-2-ketoses and the decrease that occurred in amino nitrogen 
in both dried skim-milk and lactose casein until approximately half of the free amino 
nitrogen had reacted. This is consistent with the rapid conversion by an Amadori 
rearrangement of an amino-sugar complex into a l-amino-l-deoxy-2-ketose. At that 
stage of the reaction, that is until about half of the free amino-N had reached, there

C h a n g e s  i n  d r i e d  s k i m - m i l k  d u r i n g  s t o r a g e  2 3 1

Fig. 10. Relationship between the formation of 1 -amino-l-deoxy-2-ketoses and the increase in 
reducing power in dried skim-milk (O) and ‘d ry’ lactose-casein (•)  during storage.

was also a close relationship (Fig. 10) between the formation of the 1-amino-l-deoxy-
2-ketose complex and the reducing power of the product towards ferricyanide. This 
suggests that the reducing power is due to the 1-amino-l-deoxy-2-ketoses which are 
k n ow n to have very strong reducing power (Gottschalk, 1952; Hodge, 1953). During 
this initial stage of the reaction, which lasted about 10 days, there was very little 
change of colour. This is not clear in Fig. 1 but becomes more obvious when change 
of colour is plotted against decrease in amino nitrogen (Fig. 11). From the figures 
it can be seen that about half of the amino nitrogen was complexed before any marked 
change of colour occurred.

Two mechanisms have been proposed to explain the formation of lactulose, galac
tose and tagatose from lactose in heated or stored milk products. On the one hand
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Fig. 11. Relationship between colour and loss of free amino-N in dried skim-milk (O) and 
‘d ry’ lactose-casein (#) during storage.

Fig. 12. Relationship between changes in galactose and 1-amino-l-deoxy-2-ketose content 
of dried skim-milk (O) and lactose-casein (#) during storage.
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it has been suggested (Richards & Chandrasekhara, 1960) that while the protein- 
sugar reaction is responsible for most of the browning of dried milk during storage, 
lactulose, galactose and tagatose are formed by a degradation of lactose catalysed by 
the free basic amino groups of casein in a reaction sequence similar to that proposed 
by Corbett & Kenner (1953) for the degradation of lactose by strong alkali. On the 
other hand Adachi & Patton (1961) assume that lactulose is formed by the hydrolytic 
degradation of the Amadori rearrangement product of lactose-casein. In apparent 
conflict with this latter theory is the observation that an outstanding feature of most
1-amino-l-deoxy-2-ketoses so far studied is that the sugar-amino linkage is no longer 
readily susceptible to hydrolysis (Hodge, 1955) but rather is broken by a dehydration 
and fission of the sugar moiety. An exception to this is p-tolyl-N-isolactosylamine in 
the acid hydrolysate of which Adachi (1957) identified lactulose. The properties of 
the protein-sugar complexes are of interest in helping to clarify the route or routes by 
which galactose and lactulose are formed. On further storage these complexes formed 
galactose and 5-hydroxymethylfurfural but not lactulose. This conforms with the 
complexes being l-amino-l-deoxy-2-ketoses formed by an Amadori rearrangement, 
since during the breakdown of such compounds the ketose moiety attached to the 
protein is dehydrated to 5-hydroxymethylfurfural and galactose is liberated by 
rupture of the disaccharide. It would seem then that galactose can be formed both by 
the base catalysed degradation of lactose and also by the breakdown of the protein- 
sugar complexes. This could explain why the concentration of galactose in the stored 
samples is greater than that of lactulose, in contrast to the observation of Corbett & 
Kenner (1953) that during the degradation of lactose by lime water, lactulose could 
be clearly detected before galactose and remained at a greater intensity throughout 
the reaction. Lactulose, however, is not formed via the protein-sugar complex and 
presumably is formed only by the base catalysed degradation of lactose. Fig. 12 
shows what appears to be a close relationship between the concentration of galactose 
in the stored materials and that of l-amino-l-deoxy-2-ketoses. This can be explained 
by postulating that while galactose can be formed by both mechanisms it is in fact 
formed mainly by the breakdown of l-amino-l-deoxy-2-ketoses.

The author thanks Miss B. Handley for technical assistance.

C h a n g e s  i n  d r i e d  s k i m - m i l k  d u r i n g  s t o r a g e

REFERENCES
Adachi, S. (1956). Nature, Lond., 177, 936.
Adachi, S. (1957). Chem. & Ind. p. 956.
Adachi, S. & Patton, S. (1961). J. Dairy Sei. 44, 1375.
American Dry Milk I nstitute I nc. (1954). Standard Methods of Analysis Bull., no. 911. 
Balioa, B. P., Bayliss, M. E. & Lyman, C. M. (1959). Arch. Biochem. Biophys. 84, 1.
Bath, I. H. (1958). Analyst, 83, 451.
Bell, D. J. (1955). Modern Methods of Plant Analysis, vol. 2, p. 21. Berlin: Springer-Verlag. 
Carpenter, K. J. (1960). Biochem. J. 77, 604.
Choi, R. P., K oncus, A. F., Cherrey, G. & R emaley, R. J . (1953). J. Milk Fd Tech. 16, 241. 
Corbett, W. M. & Kenner, J. (1953). J. Chem. Soc. p. 2245.
Gottschalk, A. (1952). Biochem. J . 52, 455.
Henry, K. M„ K on, S. K., Lea, C. H. & White, J. C. (1948). J. Dairy Res. 15, 292.
H odge, J. E. (1953). J. agric. Fd Chem. 1, 928.
H odge, J . E. (1955). Advanc. Carbohydr. Chem. 10, 169.
K eeney, M. & Bassette, R. (1959). J. Dairy Sei. 42, 945.



234 E .  L .  R i c h a r d s

Lea, C. H. (1948). J. Dairy Res. 15, 364.
Lea, C. H. & H annan, R. S. (1949). Biochim. biophys. Acta, 3, 313.
Lea, C. H. & Hannan, R. S. (19d a ) .  Biochim. biophys. Acta, 4, 518.
Lea, C. H. & Hannan, R. S. (19506). Biochim. biophys. Acta, 5, 433. 
Montgomery, E. M. & H udson, C. S. (1930). J. Amer. chem. Soc. 52, 2101. 
Nelson, N. (1944). J. biol. Chem. 153, 375.
P orter, R. R. & Sanger, F. (1948). Biochem. J. 42, 287.
Richards, E. L. & Chandrasekhara, M. R. (1960). J. Dairy Res. 27, 59.

Printed in Great Britain



J. Dairy Res. (1963), 30, 235 2 3 5

H y d r o g e n  s u l p h i d e  i n  C h e d d a r  c h e e s e ;  i t s  e s t i m a t i o n  

a n d  p o s s i b l e  c o n t r i b u t i o n  t o  f l a v o u r

B y  R. C. LAWRENCE
T h e  D a i r y  R e s e a r c h  I n s t i t u t e  (N . Z .), P a lm e r s to n  N o r th ,  N e w  Z e a la n d  

(R e c e iv e d  31 D e c e m b e r  1962)

S u m m a r y . A modified entrainment method is described for the estimation of micro
quantities of hydrogen sulphide in cheese. Optimum recovery is only possible if the 
conditions are very acid, if oxygen is excluded and if appreciable loss by diffusion is 
avoided by minimizing the surface area of the sample and the time it is exposed to 
the atmosphere. The reproducibility of determinations from the same cheese was 
satisfactory.

The concentration of H2S in New Zealand Cheddar cheese curd at hooping was less 
than 20 pg/100 g but increased after ripening for 1-4 months to an average concentra
tion of 55 y g ,  thereafter remaining fairly constant. There appeared to be no simple 
relationship between characteristic Cheddar flavour and H2S concentration.

In some recent investigations of the chemical compounds responsible for the 
characteristic Cheddar flavour attention has centred on the contribution of H2S. 
Kristoffersen & Gould (1960) found a significant statistical correlation between H2S 
and Cheddar flavour, in particular between the characteristic flavour and the relative 
concentrations of free fatty acids andH2S. Kristoffersen (1961), however, subsequently 
reported that the flavour sensation provided by some Cheddar cheeses was not 
always related to the level of H2S particularly in the early stages of curing. Walker
(1961) attempted to simulate a Cheddar type flavour by the addition of mixtures of 
methyl ketones and fatty acids to bland cheese curd, but found that the flavours 
produced were sharp and musty unless thioacetamide, a source of H2S, was added, 
in which case the flavour was much improved.

In the course of investigations in this laboratory into the chemical nature of the 
substances responsible for Cheddar flavour an attempt was made to check these 
observations. It is generally accepted that low concentrations of H2S are best 
determined quantitatively by the method of Almy (1925), and the conditions necessary 
for the optimum absorption of H2S and its conversion to methylene blue have been 
thoroughly investigated (Sands, 1949; Fogo & Popowsky, 1949; Dale & Davies, 1951; 
Marbach & Doty, 1956). Some workers have used steam distillation to determine the 
H2S in cheese, but, as sulphide is known to be liberated on heating proteinaceous 
foods (e.g. Pippen & Eyring, 1957; Townley & Gould, 1943), such recovery methods 
were not considered suitable. The only method which does not use steam distillation 
is that of Kristoffersen, Gould & Harper (1959). They blended the cheese in sodium
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citrate solution, transferred the blend to a separate aerating vessel, acidified with 
HC1 and then passed air through the blend. The H2S was trapped in zinc acetate 
solution and subsequently converted to methylene blue. This communication 
describes a modification of their method and its use in an investigation of the H2S 
concentration in New Zealand cheeses throughout ripening.

M E T H O D S

The cheeses used in these investigations were made and ripened in the Institute’s 
factory using normal New Zealand commercial methods. All cheeses used in pre
liminary experiments were 6-9 months old and of good Cheddar flavour. They were 
lettered A to F for purposes cf identification. In subsequent work, sixteen cheeses 
(details given later) were examined at intervals during ripening to ascertain the 
effect of different starter organisms and of other bacteria on H2S production.

In preliminary exploratory experiments the original method of Kristoffersen e l a l .

(1959) was used. However, poor recoveries (about 50 %) of H2S added to the cheese 
before blending and erratic results with samples from the same cheese made it clear 
that Kristoffersen’s method led to loss of H2S during the blending. The apparatus 
was therefore modified by sealing the blender jar so that it could be used as the vessel 
from which the H2S was removed from the cheese emulsion. Oxygen-free nitrogen 
instead of air was used for entraining the H2S which was subsequently absorbed in 
zinc acetate solution.

Table 1. T h e  e ffe c t o n  th e  r e c o v e r y  o f  h y d r o g e n  s u l p h id e  o f  b le n d in g  
ch e e se s  u n d e r  d i f fe r e n t  c o n d i t io n s

R .  C .  L a w r e n c e

Cheese

Blending
time,
min Atmosphere

Type of 
distilled 
water

h 2s
concentration, 

Mg/100 g
A 0-5 Air Ordinary 38

2 Air Ordinary 27
4 Air Ordinary 26

B 0-5 Air Ordinary 30
4 Air Ordinary 24

10 Air Ordinary 20
20 Nitrogen* Ordinary 36
20 Nitrogen* Freshly boiled 53

C 4 Air Ordinary 31
4 Air Freshly boiled 36

20 Nitrogen* Ordinary 52
20 Nitrogen* Freshly boiled 65

* Homogenized in sealed blender and hydrogen sulphide removed without transferring sample to 
another vessel. Remaining samples homogenized in open air and transferred to a separate aerating 
vessel for removal of hydrogen sulphide as in original method of Kristoffersen et al. (1959).

Table 1 gives results obtained with cheese samples treated in various ways. 
Experiments in which Kristoffersen’s method (cheeses B and C, 4 min) was compared 
with the modified method (cheeses B and C, 20 min) disclosed that losses of H2S 
took place through diffusion and oxidation during the preparation of cheese 
emulsion in an open vessel. It is evident from the figures that there was a progressive 
loss of H2S from the cheese as the time of blending in air was extended, and that the 
use of ordinary distilled water instead of freshly boiled water led to even lower results,
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possibly due to oxidation. The total losses could, under the worst conditions, be of 
the order of 50 %. The claim of Kristoffersen e t a l . (1959) that recovery of added H2S 
was quantitative was apparently based on trials in which the H2S was added to the 
final extraction apparatus after the preliminary blending of the cheese—a stage at 
which diffusion losses could no longer occur.

It would be difficult to determine how much H2S escapes from a plug of cheese from 
the moment of drawing until it is transferred to a blender, but it is to be expected 
that the loss would be related to the surface area exposed. Experiments in which the 
cheese was grated in an atmosphere of nitrogen (for a period of 15 min immediately 
before analysis) for comparison with plugs exposed for 15 min in nitrogen or in air 
(Table 2) showed that approximately 50 % of the H2S could be lost by oxidation or 
by diffusion from the large surface created by grating. However, the absence of a 
significant difference between the plugs drawn in air and nitrogen, respectively, 
indicates that, provided the plugs are not broken up, oxidation does not seriously 
affect recovery of H2S and that it is therefore unnecessary in a routine examination 
to draw plugs anaerobically.

Table 2. V a r ia t io n  i n  h y d r o g e n  s u l p h id e  { y g /5 0  g) f o u n d  i n  ch eese  e x p o s e d  f o r  

15 m i n  i n  n i t r o g e n  o r  a i r ,  b e fo re  a n a ly s i s  i n  a  s e a le d  b le n d e r

H y d r o g e n  s u l p h i d e  i n  C h e d d a r  c h e e s e

In nitrogen In  air

Experiment
(

Grated Whole plugs Whole plugs
1 17 36 45
2 18 31 37
3 22 35 32
4 19 35 42
5 20 41 36

Mean 19 36 38

One further modification of Kristoffersen’s method was the use of phosphoric acid 
as both the emulsifying and acidifying agent in place of sodium citrate and hydro
chloric acid. Phosphoric acid had no measurable effect upon cysteine, cystine or 
glutathione whereas hydrochloric acid liberated limited quantities of H2S from these 
compounds. Neither of these acids liberated H2S from methionine, thiamine, casein, 
lactalbumin or cheese fat. In view of its greater selectivity, phosphoric acid was used 
in all the later experiments.

Numerous experiments showed that the addition of 100 ml of phosphoric acid to 
100 g of cheese resulted in 100 % recovery (+  10 %) of known concentrations of H2S 
added to the slurry. The use of less than 100 ml of phosphoric acid, under the condi
tions of the estimation, consistently gave slightly less satisfactory recoveries 
(80-100%). It should be stressed, however, that the ready oxidation of very dilute 
solutions of H2S noted by Dale & Davies (1951) and Marbach & Doty (1956) made 
difficult the accurate determination of the extent of the recovery.

M e th o d  o f  e s t im a t io n  f i n a l l y  a d o p te d

The apparatus consisted of a glass blender jar attached directly to boiling tubes 
containing the trapping solution. The glass blender jar was sealed with a large rubber 
bung which had been boiled in strong aqueous NaOH solution and whose inner surface
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was coated with silicone grease prior to each estimation. Trial runs showed the 
apparatus to be free from sulphide.

A plug was drawn from the cheese with a butter trier and 100 g were rapidly weighed 
and covered with 250 ml of freshly boiled distilled water in the blender. Special care 
was taken to avoid breaking the plug prior to blending. Oxygen-free nitrogen was 
passed through the apparatus, 5 min being allowed to free the blender and trapping 
*ubes from air before blending started. Then 100 ml of oxygen-free A.R. phosphoric 
acid (sp.gr. 1-75) was added and the cheese blended for 20 min. The H2S entrained in 
the nitrogen was absorbed in a2 ml of 1 % (w/v) zinc acetate solution and 2 ml of 
10% (w/v) NaOH solution. Methylene blue was subsequently developed by the 
addition of 5 ml of p-diamino-NN-dimethylaniline hydrochloride (1 g/1 of approx. 
5 n-HCI) and 1 ml of 1 % (w/v) FeCl3 solution. The intensity of the colour was read 
on a Beckman spectrophotometer at 678 m y  1 h after the addition of reagents, and 
the concentration of H2S was determined from a calibration curve prepared as 
described by Brenner, Owades & Golyzniak (1953).

The reproducibility of the technique was assessed by analysing replicate samples 
from each of two cheeses. The mean concentration of H2S in cheese E was 53-0 yg/ 
100 g, s.D. 5-0 (twenty-one samples). For cheese F (fifteen samples) the mean con
centration was 52-0 pg/100 g, s.D. 5-0.

R .  C .  L a w r e n c e

RESULTS

V a r ia t io n  i n  c o n c e n tr a t io n  o f  h y d r o g e n  s u l p h id e  d u r i n g  m a k i n g  a n d  r i p e n in g

To determine whether the H2S found in cheese was due solely to microbial activity 
or was derived partly from milk, the concentration of H2S was determined during 
making and ripening. In contrast to the findings of Townley & Gould (1943), who 
reported no appreciable sulphide in milk heated to a temperature of 76 °C, pasteurized 
milk (71 °C for 15 sec) was found to contain reasonably high concentrations of H2S 
(Table 3). Part of the sulphide in pasteurized milk was lost either by diffusion or 
oxidation during the cheese-making process, that which remained being concentrated 
in the curd, the whey containing very little.

Table 3. C o n c e n tr a t io n  o f  h y d r o g e n  s u l p h id e  i n  p a s t e u r iz e d  m i l k ,  
w h e y , s a l te d  c u r d  a n d  m a tu r e  ch eese

Pasteurized milk
Whey
Salted curd
Mature cheeses, 6-9 months 
old

No. of batches 
examined

8
6

16
25

Concentration 
of H2S

20-45 gg/l
3-5 gg/l
8-20 fig/100 g

45-80 gg/100 g

Since the concentration of H2S increased during ripening it seemed likely that 
bacteria were responsible for its formation. Cheeses were therefore made from milk 
to which bacteria thought to be of possible importance in the development of the 
characteristic Cheddar flavour had been added.
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A d d i t i o n  o f  b a c te r ia l  c u l tu r e s  to  m i l k  p r i o r  to  c h e e s e - m a k in g

Four cheeses were made with S tr e p to c o c c u s  c r e m o r is , strain HP, as starter. No 
additional strains were added to the milk from which the first cheese was made. To 
the milk for the second was added a OT % inoculum of a yeast milk culture of a strain 
of micrococcus, Lj (Robertson & Perry, 1961), and to the milk for the third a 1 % 
inoculum of a yeast milk culture of L a c to b a c i l lu s  p la n t a r u m - c a s e i ,  strain 25-2 (Sher
wood, 1939). To the milk for the fourth cheese the same inocula of both strain L, and

Age of cheese, weeks

Fig. 1. Production of hydrogen sulphide during ripening of Cheddar cheese made with single
strain starters, Str. cremoris (HP, O—O; Tr, # —#) and Str. lactis (ML2, A—A; ML3, A—A). 
Each point represents the average concentration in duplicate samples each of 100 g of cheese.

strain 25-2 were added. In a similar way, four cheeses were made with S t r .  c r e m o r is ,  

strain TR, and four each with two strains of S t r .  la c t is  (ML2 and ML3). These sixteen 
cheeses were examined at monthly intervals for flavour and H2S concentration. The 
flavours varied from mild to strong Cheddar after 6 months and, in addition, cheeses 
made with S t r .  la c t is  had definite flavour defects, mainly described as ‘fruity’ or 
‘lactis’ (Perry, 1961). In every cheese the concentration of H2S reached a maximum 
of between 45 and 60 /xg/100 g after 1-4 months and thereafter remained fairly 
constant.

Fig. 1 shows the changes in concentration of H2S content during ripening of the
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four cheeses made with the four different single-strain starters. There were consider
able differences in intensity of Cheddar flavour between the four cheeses but a 
marked similarity in the pattern of H2S production. The addition of cultures of a lacto- 
bacillus and a micrococcus to the cheese milk did not, in these experiments, enhance 
the cheese flavour to any great extent. The four cheeses made with starter and an 
added inoculum of the lactobacillus reached their H2S maxima before the other twelve 
cheeses (i.e. after 1-2 months' ripening) but otherwise the additions had no appreci
able effect upon the production of H2S which in all cases followed the general pattern 
shown in Fig. 1. There appeared to be no simple relationship between characteristic 
Cheddar flavour and the H2S concentration.

DISCUSSION

A distinct ‘sulphide’ smell is sometimes momentarily encountered when mature 
cheeses are cut and presumably this is due to the escape of free H2S, a loss which 
would be difficult to avoid. The flavour of cheese when eaten will depend only upon 
the H2S remaining in the cheese. It would seem reasonable, therefore, to attempt to 
correlate the flavour of cheese with the concentration of H2S.

It was found that the concentration of H2S increased until the cheeses were from 
1 to 4 months old, and then remained fairly constant. High concentrations of H2S 
have a toxic effect upon many bacterial species and it is possible that the species 
producing the H2S in Cheddar cheese may build up a toxic concentration and cease 
to grow. Alternatively the H2S may be formed by organisms, such as the starter 
bacteria or micrococci, which decline rapidly in numbers in the first few weeks after 
manufacture leading to a corresponding decrease in H2S production.

In the early stages of ripening, both the H2S concentration and the intensity of 
cheese flavour increased. However, while the Cheddar flavour of the cheese con
tinued to intensify, the H2S concentration remained more or less constant. Similarly, 
although the ty p ic a l  Cheddar flavour of sixteen cheeses sampled over a period of 
9 months varied markedly in intensity, the quantities of H2S found (45-60 /xg/100 g) 
in all the mature cheeses were not greatly different. The contribution of H2S to flavour 
would not therefore appear to be direct in the sense that an increase in H2S content 
is necessarily associated with an increase in typical Cheddar flavour. It may, however, 
be that the H2S combines with some other product of ripening, perhaps with car
bonyl, carboxyl or ester groupings, with which it is known to form addition com
pounds (Connor, 1943) and that it is this combination which is responsible for the 
typical Cheddar flavour. If this were so, the determination of total concentration of 
H2S in cheese would not be a direct measure of its contribution to Cheddar flavour.

The author is grateful to Drs W. A. McGillivray and P. S. Robertson for their 
advice and interest, and to Miss Hannah Watt for technical assistance.
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B i o l o g i c a l  e s t i m a t i o n  o f  o e s t r o g e n i c  a c t i v i t y  i n  r e d  c l o v e r  

( T r i f o l i u m  p r a t e n s e ) :  r e l a t i v e  p o t e n c i e s  o f  p a r t s  

o f  p l a n t  a n d  c h a n g e s  w i t h  s t o r a g e

B y  D. S. FLUX, R. E. MUNFORD a n d  G. F. WILSON
M a s s e y  U n iv e r s i t y  C o lle g e  o f  M a n a w a t u ,  P a lm e r s to n  N o r t h , N e w  Z e a la n d

{ R e c e iv e d  31 D e c e m b e r  1962)

S u m m a r y . Immature ovariectomized mice were used to compare the oestrogenic 
activities of different parts of the same clover plants; to estimate the relative 
potencies of biochanin A, genistein and diethylstilboestrol; and to compare the 
effects of different methods of storage on the oestrogenic potency of red clover leaf 
and petiole. Test materials were incorporated in the diet fed to the mice and the 
uterine weight response was used to measure oestrogenic activity.

With material harvested at four different times, the leaf or leaf and petiole had the 
highest activity; small and large stem fractions of the plant were both relatively less 
active, and blossom and seed head were inactive.

Comparison of successive estimates of the relative potency of isoflavones and 
diethylstilboestrol indicated that the relative responsiveness to the two types of 
oestrogen did not remain constant. Thus comparisons of estimates of oestrogenic 
activity of plant material, obtained in terms of diethylstilboestrol in different experi
ments, could be invalid.

The potencies of alcohol, acetone and freeze-dried preparations were compared 
after storage for 18, 115, 212 and 230 days. Of the procedures tested, the most 
satisfactory was that in which fresh material was placed in 95 % alcohol and the 
liquor and residue dried and stored at room temperature over concentrated sulphuric 
acid at reduced pressure.

When considering the possible effects of oestrogenic pasture plants on grazing 
animals, it is important to know the relative activities of the various parts of the 
plant at different stages of growth and at different times. With subterranean clover, 
Robinson (1949), Alexander & Watson (1951) and Bennetts & Underwood (1951) 
have shown that the potency of the leaf was higher than that of the petioles, stems 
or roots. Similarly, in ryegrass and cocksfoot as well as in red clover, Legg, Curnow & 
Simpson (1950) found oestrogenic activity to be greater in leaf than in stem. In 
oestrogenic samples of lucerne the highest activity was in the leaves (Pieterse & 
Andrews, 1956). In the present study the activity of parts of the red clover plant 
have been compared using materials harvested at four different times.

Where comparisons have to be made between samples of plant material collected 
at different times two approaches are possible. In the first, bioassays are carried out
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immediately following harvesting, the comparisons being made between materials 
harvested at different times in terms of a reference oestrogen included as a standard 
treatment in each bioassay. Unfortunately, the isoflavone oestrogens, which would 
be the most suitable standards for estimations with red clover, are scarce and 
expensive and cannot be used as routine standards. Diethylstilboestrol and oestradiol 
have therefore been used (e.g. Cheng, Yoder, Story & Burroughs, 1954; Bickoff, 
Booth, Livingston, Hendrickson & Lyman, 1959). When the oral route of administra
tion is employed diethylstilboestrol seems the best choice. It is readily available, 
cheap and usually gives a dose response line sufficiently parallel with those of 
oestrogenic plant materials or pure isoflavones (Munford & Flux, 1961; Wong & Flux,
1962). There is the possibility, however, that the relative sensitivity of test animals 
to two different types of oestrogen may differ from time to time. Evidence for this 
possibility is presented here.

In the second approach, with material collected at different times, all comparisons 
of interest are made in the same multiple bioassay. This avoids difficulties due to 
'differential changes in sensitivity of the test animal, but introduces a further risk 
that potency may be lost during storage of plant material (Bickoff, Livingston, 
Booth, Hendrickson & Kohler, 1960; Flux, Munford & Barclay, 1961). The potencies 
of oestrogenic subterranean clover samples after treatment and storage in different 
ways were compared by Robinson (1949) who found that placing the fresh material 
in alcohol was superior to oven-drying. Alexander & Watson (1951) found that 
dehydration in ovens lowered the oestrogenic activity of subterranean clover as 
measured by bioassays, but little further change in activity occurred during storage 
over 17 months. In the present paper the effectiveness of several storage methods 
for red clover leaf and petiole have been examined.

MATERIALS AND METHODS 

A n i m a l s

Ovariectomized mice, 21-23 days old, from the same colony as those employed 
by Munford & Flux (1961) and Wong & Flux (1962), were used as test animals. Diet, 
in which oestrogenic materials were incorporated, was fed at the rate of 2-5 g per 
mouse per day for 6 days. Six mice were used at each of two dose levels for every 
subsample of plant material tested. Body weights, uterine weights and the incidence 
of vaginal opening and positive vaginal smears were recorded.

P r e p a r a t io n  o f  m a te r ia ls  f o r  b io a s s a y

For the comparisons of the parts of the plant four plots of red clover were used, each 
being harvested at a different time. The plants taken from each plot were separated 
into leaf, petiole and large stem, so that each comparison was made between material 
from the same plants. Freeze-dried plant material was incorporated into the diet as de
scribed previously (Munford & Flux, 1961) at concentrations of 20 and 10% or of 10 and 
5 % dry plant material and the potencies estimated soon after harvesting. The plant 
material contents of the diets were equalized with non-oestrogenic ryegrass powder.

For the storage experiment the subsamples of leaf and petiole were prepared 
immediately after harvesting by the following methods:
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(1) F r e e z e  d r y i n g

{a) Frozen (in plastic bags at —15 °C); and (b ) Desiccated (at reduced pressure 
over concentrated sulphuric acid at room temperature).

(2) A lc o h o l  t r e a tm e n t

(a ) Wet (left in alcohol until shortly before use and then prepared as in 26); and
(6) Desiccated (left in alcohol 1 to 2 weeks, liquor dried on to wholemeal 
flour in oven at 60 °C or in draught from electric fan heater; leaves dried, 
ground and mixed with material from liquor; stored at reduced pressure 
over concentrated sulphuric acid).

(3) A c e to n e  t r e a tm e n t

(a ) Wet (as for the alcoholic preparation); and (6) Desiccated (as for the alcoholic 
preparation).

Freeze-dried material was incorporated in the diet in the manner described 
previously (Munford & Flux, 1961). The subsamples treated with alcohol or acetone 
(300 g fresh material in 600 ml 95% ethanol or 100% acetone) were prepared for 
feeding by incorporating the mixture with wholemeal flour in the diet. The dose 
levels employed for all subsamples were obtained by including 5 and 10% of the 
dried plant material in the diet. The content of plant material of the diets was 
equalized by adding dried non-oestrogenic ryegrass powder to the diets containing 
5 % of dried clover.

S t a t i s t i c a l  m e th o d s

The methods used were the same as those described by Munford & Flux (1961).

RESULTS

Comparisons of oestrogenic potency have in this paper been made using the uterine 
weight response. The body weights of the mice on the different diets were similar. 
The incidence of vaginal opening and of positive vaginal smears added nothing to 
the information provided by uterine weights (cf. Munford & Flux, 1961) and these 
data are not presented.

A c t i v i t i e s  o f  d i f fe r e n t  p a r t s  o f  r e d  c lo v e r  p l a n t s

In Table 1 the relative potencies of different parts of red clover plants are presented. 
The uterine weights were transformed to logarithms to remove a correlation between 
mean and standard deviation.

Blossom and dried seed head had little or no activity. The leaves had the highest 
activity, large or small stem and petiole were less active. Relative potencies of stem 
to leaf or leaf and petiole had very wide 95 % fiducial limits, but, in each instance 
where a comparison could be made, the stem was estimated to be about one-fifth to 
one-third as potent as the material containing leaf.
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C o m p a r is o n  o f  d i f fe r e n t  e s t im a te s  o f  r e la t iv e  p o te n c ie s  o f  g e n is te in ,  

b io c h a n in  A  a n d  d ie th y ls t i lb o e s tr o l

Munford & Flux (1961) and Wong & Flux (1962) have published relative potencies 
of genistein, biochanin A and diethylstilboestrol and these, together with some 
additional data of Wong and Flux, are presented in Table 2. These results suggest

Table 1. C o m p a r is o n s  o f  o e s tro g e n ic  p o te n c ie s  o f  d i f fe r e n t  p a r t s  o f  r e d  c lo v e r  p l a n t s

Plot and harvest date

Part o f  plant Dose, % A B C D
or comparison of diet 12. ii. GO 3. iii. 60 27. iv. 60 10. iii.

Mean uterine weight of six mice, log mg
Leaf 10 1-222 1-206 — —

5 1-006 1-093 — —
Leaf and petiole 10 — — 1-158 1-256

5 — — 0-967 1-012
Small stem  and 20 1-152 1-000 — —

petiole 10 0-946 0-830 — —
Large stem 20 — 1-105 0-837 1-009

10 — 0-968 0-849 0-908
Blossom 20 0-684 0-768 — —

10 — 0-780 — —
Dry seed head 20 — 0-790 0-790 —

10 — 0-762 0-804 —
Controls 0 0-756 0-760 0-778 0-769

Standard error o f means 0-063 0-077 0-042 0-067
Least significant difference 0-28 0-34 0-18 0-29

(5%)*
R elative potencies and 95 % fiducial lim its

Small stem  and Not 0-18 — _____

petiole to leaf valid ! (0-01 x lO - 8 to 0-38)
Large stem  to 0-34 0-26 —

leaf (0-05 X IO“2 to 0-70) (0-06 x 10~2 to 0-44)
Large stem  to — — N ot

leaf and petiole — — validj

* Calculated from the mean square in an analysis o f variance, the number o f item s per m ean (6) and 
the value o f t (P = 0-05) for the number o f degrees o f freedom associated w ith the error mean square, 

t  Slope o f the common regression line not significantly different from zero.
J Dose response lines not parallel, that for large stem  was not significantly different from zero.

Table 2. C o m p a r i s o n s  o f  e s t im a te s  o f  r e la t iv e  p o te n c ie s  o f  d i e t h y l 

s t i lb o e s tr o l  a n d  is o f la v o n e s

Relative potencies and
95 % fiducial lim its

Biochanin A (diethylstilboestrol =  1) Lambda*

(1) W ong & Flux (1962) 9-1 x lO -8 (6-0-13-7 x lO “6) 0-14
(2) W ong & Flux (unpublished) 18-3 x 10-* (12-9-26-6 x 10“6) 0-15

Genistein
(1) Munford & Flux (1961) 8-9 x 10~° (6-6-12-1 x 10“6) 0-13
(2) W ong & Flux (1962) 13-5 x 10 « (10-3-17-3 x 10~6) 0-14

* Defined by Emmens (1950).



that the relative responsiveness of the mice in the colony to diethylstilboestrol and 
to the oestrogenic isoflavones was not constant.

C o m p a r i s o n  o f  th e  o e s tro g e n ic  p o te n c ie s  o f  r e d  c lo v e r  l e a f  a n d  p e t io le  a f te r  

p r e p a r a t io n  a n d  s to ra g e  b y  d i f f e r e n t  m e th o d s  

In Table 3 are represented the results of 4-point bioassay comparisons between 
subsamples of red clover harvested on 28 November 1960 and 7 December 1960. The 
freeze-dried subsample stored at —15 ° C  was not included in the first comparison. 
The indication of higher activity of the acetone-treated subsample of the sample 
harvested on 28 November 1960 was unexpected after only 18 days of storage. The 
residue remaining after evaporation of the same volume of acetone, from the same 
bottle as that used for the clover, gave no indication of oestrogenic activity when 
tested by the vaginal smear method in six primed ovariectomized mice (Emmens, 
1950).

Table 3. C o m p a r is o n s  o f  th e  o e s tr o g e n ic  p o te n c ie s  o f  r e d  c lo v e r  l e a f  
a n d  p e t io le  s u b s a m p le s  p r e p a r e d  i n  d i f fe r e n t  w a y s

R elative potency and
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Storage Preparation 95 % fiducial lim its

Sample harvested 28. xi. 60
Initial tests 18 days’ 

storage
Freeze-dried and desiccated 
Alcohol and desiccated 
Acetone and desiccated

1 0
1 14 (0-59, 2-88) 
2-16 (1-46, 2-08)

Intermediate tests 
115 days’ storage

Freeze-dried and desiccated 
Alcohol and desiccated 
Freeze-dried and frozen

1-0
1-30 (0-77, 1-41) 
Assay not valid*

Final tests 212 days’ 
storage

Freeze-dried and frozen 
Freeze-dried and desiccated 
Alcohol and desiccated 
Alcohol and wet 
Acetone and desiccated 
Acetone and wet

1-0
1 0 4  (0-91, 1-19) 
1-53 (1-30, 1-81) 
1-30 (1-08, 1-56) 
1-30 (118 , 1-51) 
0-72 (0-62, 0-82)

Sample harvested 7. xii. 60
230 days’ storage Freeze-dried and frozen 

Freeze-dried and desiccated 
Alcohol and desiccated 
Alcohol and wet 
Acetone and desiccated 
Acetone and wet

1-0
0- 88 (0-83, 0-94)
1- 26 (1-00, 1-63) 
1-32 (1-02, 1-71) 
1-40 (1-08, 1-82) 
1-56 (1-19, 2-04)

* Slope of dose response curve not significantly different from zero leading to departure from paral
lelism in the bioassay.

After 115 days’ storage the freeze-dried and deep frozen subsample produced a less 
steep dose response line than those of the freeze-dried and desiccated, and alcohol- 
treated and desiccated subsamples which were very similar in potency. Because of 
a significant deviation from parallelism the freeze-dried and deep frozen samples 
could not be compared with the others by bioassay methods.

In the final comparison the two freeze-dried subsamples had very similar potencies, 
both less than those of the alcohol preparations. The acetone sample stored in a 
desiccator showed a similar potency to that of the alcoholic ones but the subsample 
stored in acetone showed an even lower potency than the freeze-dried ones.



The sample harvested on 7 December 1960 was tested at only one time, after 
230 days’ storage. The results were similar to those for the 28 November 1960 sample 
in that both alcoholic preparations had higher activity than the freeze-dried ones. The 
subsample stored in acetone, however, had an activity similar to that of the acetone 
subsample stored in a desiccator and to that of the alcoholic preparations.

DISCUSSION

The comparison of the relative potencies of the different parts of the plant requires 
little comment. As was found for subterranean clover (Robinson, 1949; Alexander & 
Watson, 1951; Bennetts & Underwood, 1951) the part of highest activity was the 
leaf. Stems had less activity per unit weight and apparently there was little or no 
activity in the flowerheads or seeds.

The comparison between the successive bioassay estimates of the oestrogenic 
activities of biochanin A and genistein suggested that the relative responsiveness of 
the mice to diethylstilboestrol and oestrogenic isoflavones changed with time. Mice 
of the same colony, prepared in the same way, were used on each occasion and no 
cause for the differences other than changing responsiveness could be suggested. With 
biochanin A one estimate was approximately double the other, a change sufficiently 
great to make diethylstilboestrol unsuitable as a standard for oestrogenic potency due 
to genistein and biochanin A sxcept for very approximate estimates. If, as seems 
likely, all mice vary in relative responsiveness to different types of oestrogen, the 
range of relative potencies for diethylstilboestrol and the isoflavone oestrogens 
found in different laboratories [see discussion in previous papers, Munford & Flux, 
1961; Wong & Flux, 1962] is not surprising.

The interpretation of the results of the storage experiment was made difficult by 
the variability of the comparisons and the lack of a standard preparation. Changing 
sensitivity to oestrogen with ~ime in a mouse colony is not uncommon (Emmens, 
1950) and this may have explained the results of Alexander & Watson (1951) who 
reported significant differences between responses to a ‘standard’ clover. But this 
would not account for the change in the present experiments where some dose response 
lines changed in slope or position relative to the others in successive bioassays.

Freeze-dried clover, stored frozen, gave a flat dose response line after 115 days’ 
storage and a steeper one (net differing significantly in slope from the others) at 
212 days. The acetone and desiccated material from the red clover sample did not 
change in relative slope, but appeared to lose about 50 % of its potency relative to 
the other preparations, between the first and final tests. For the sample harvested 
on 28 November 1960 the acetone-treated preparations stored wet were less potent 
than the alcoholic preparations but this was not so for the corresponding preparations 
made from the sample harvested on 7 December 1960.

The cause of the differences between the responses to the freeze-dried deep-frozen, 
and the acetone-desiccated peparations in successive tests is not known. Possibly 
variation in the responsiveness of mice, greater than those observed within assays, 
was responsible. Lack of a standard preparation made it impossible to tell, from the 
bioassay results themselves, whether the freeze-dried samples lost potency or the 
alcoholic ones gained it. However, previous evidence, including an example in which
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oestrogenic red clover completely lost its ability to increase uterine weight after a 
year, has shown that freeze-dried red clover preparations lose potency during storage 
(Flux e t a l .  1961). Alcohol would be expected to prevent enzymic activity leading to 
changes giving greater oestrogenic potency. Hence it seems probable that the dif
ferences in the final tests were caused by the alcoholic preparations maintaining their 
potencies better than did the freeze-dried ones.

On the basis of evidence obtained in these experiments it appears that if samples 
of red clover must be stored for long periods before testing them for oestrogenic 
potency, alcoholic preparations are likely to be more satisfactory than freeze-dried 
ones. This conclusion is in agreement with Robinson (1949) for subterranean clover 
with the proviso that in his work the comparison was between alcoholic preparations 
and oven-dried clover.

The authors are grateful to Dr E. Wong for permission to use unpublished results; 
to Mr T. S. Ch’ang for the provision of some of the red clover samples and to 
Messrs C. Fairless and E. Ormsby for technical assistance. Research grants to the 
senior author from the New Zealand Universities Grants Committee and the Depart
ment of Scientific and Industrial Research (N.Z.) are gratefully acknowledged.
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I n h e r i t e d  c a s e i n  v a r i a n t s  i n  c o w ’s  m i l k

II. Breed differences in the occurrence of ^-casein variants

By R. ASCHAFFENBURG
N a t i o n a l  I n s t i t u t e  f o r  R e s e a r c h  i n  D a i r y i n g , S h in f i e l d ,  R e a d in g  

(R e c e iv e d  15 J a n u a r y  1963)

S u m m a r y . A survey was made of the frequency of /3-casein variants in the milk of 
cows of five major British breeds. Three variants A, B and C differing in electro
phoretic mobility were found to occur either singly or in pairs, as expected if each 
were determined by a single allele. The A variant was the most common and found 
in all breeds. Ayrshires and Shorthorns produced no other variant, whilst the 
B variant occurred in Jerseys and, at low frequency, in Guernseys and Friesians. 
Production of the C variant was restricted to the Guernsey breed in which it occurred 
at low frequency. The technique of paper electrophoresis, used for /3-casein ‘ typing ’ 
of some 600 cows, is described in detail.

The synthesis of /3-casein in the mammary gland of the cow has been shown to be 
under the control of three alleles of a gene, /3 -C n , capable of causing three electro- 
phoretically distinguishable variants, A, B and C, to be formed either singly—in 
homozygotes—or paired—in heterozygotes (Aschaffenburg, 1961, paper I of the 
present series). Initial results suggested that the /3-casein polymorphism might not 
be universal, but restricted to certain breeds of cattle and, accordingly, a survey was 
made of the /3-caseins in the milk of some 600 cows belonging to five major British 
breeds. The results of this survey are reported here, together with a more detailed 
description of the technique used for ‘typing’ the animals than that given in the 
earlier communication. The survey was completed before it became known (Thomp
son, Kiddy, Pepper & Zittle, 1962) that another casein component, as-casein, also 
occurs in three variants. These can be differentiated by starch gel electrophoresis, 
but not by the technique of paper electrophoresis described below.

EXPERIMENTAL

S o u r c e s  o f  m i l k  s a m p le s

Milks from individual Jerseys, Guernseys, Ayrshires, Shorthorns and Friesians 
were examined for the occurrence of /3-casein variants. For all breeds except the 
Friesian the basic testing arrangement was the same: small sets of milk samples, 
usually eight, were collected from several farms, rather than larger numbers of samples 
from a particular farm. This method avoided testing too many close relatives in a 
herd and gave a reasonable cross-section of the breed. Larger numbers of ‘follow-



up ’ samples were, however, collected in a few instances in which a genetical picture 
of special interest emerged.

With the fifth breed, the Friesian, a different approach was used: in addition to 
the cows of the main Institute herd, two collections of heifers from herds in the South 
of England, usually two to four animals from a given farm, happened to be available 
at the Institute during the period of the survey. Their milk too offered a good cross- 
section of the breed.

C o lle c tio n  o f  m i l k  s a m p le s

Samples of morning or evening milk were collected in 3-oz bottles containing one 
drop of formalin solution as a preservative. This mode of preservation does not inter
fere with ,8-casein typing, though it causes a slight blurring of the electrophoretic 
bands. No preservative was added when it was known that samples would reach the 
laboratory within a short time after milking.

P r e p a r a t io n  o f  m i l k  s a m p le s  f o r  p a p e r  e le c tro p h o re s is

The caseins were prepared for electrophoresis by the following simple procedure. 
The milk is warmed to about 40 °C, centrifuged, and the skim-milk syphoned off. 
Ten ml of skim-milk is pipetted into a 50 ml centrifuge tube and diluted to approxi
mately 40 ml by adding distilled water warmed to about 40 °C. The casein is pre
cipitated by addition of 1 ml of a 1:10 dilution of glacial acetic acid, followed by 
1 ml of lM-sodium acetate. After not less than 10 min the casein precipitate is spun 
down, the supernatant decanted, the precipitate washed by stirring it in warm water, 
and centrifuged again. The supernatant is poured away, 2 g of urea of reagent quality 
added to the wet casein and the precipitate dispersed to a slightly cloudy solution 
with careful addition of a little distilled water. Dispersion is aided by immersing the 
tube in a beaker containing warm water. The final volume is adjusted to approxi
mately 5 ml, giving a solution with a casein content of the order of 5%. If cold- 
stored, the solution must be warmed before it is used for paper electrophoresis.

P a p e r  e le c tro p h o re s is

Moving-boundary electrophoresis has contributed much to our present knowledge 
of the casein complex, but the method does not lend itself to serial comparisons of 
large numbers of samples, and it requires lengthy sample preparation in order to 
convert the opaque caseins into optically clear solutions. The advantages of electro
phoresis on supporting media, such as filter paper, are thus self-evident. However, 
satisfactory resolution of the casein components by paper electrophoresis proved to 
be far from easy. Experiments on the lines suggested by Macrae & Baker (1958) and 
by Sode-Mogensen & Lahav (1960), working with conventional buffer systems, and 
by Zhdanova & Vlodavets (1959), working with buffered urea solutions, failed to 
provide a clear-cut separation of the major casein constituents. The incorporation of 
urea improved the results by providing less ragged bands, particularly of the leading 
cc-casein component. Further experiments showed that the degree of resolution 
depended markedly not only on the pH and ionic strength of the chosen buffer, but 
also on the nature of the ions of which it is composed, and led to the selection of a 
citrate-phosphate buffer of xhe composition given below. It is noteworthy, and
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possibly not fortuitous, that the constituents of this buffer are associated with the 
casein complex as found in milk. In its final form the paper electrophoretic technique 
permits resolution of the caseins into the clearly separated bands shown in Fig. 1, 
and in Figs. 1 and 2 of the earlier paper (Aschaffenburg, 1961). At the time of 
publication of the earlier paper the band seen in front of the ¡3-caseins had not been 
characterized; its identity with /c-casein has since been established.

T e c h n iq u e .  Several types of apparatus were tested: those in which the filter paper 
is arranged horizontally gave better results than those of the hanging strip type, and

I n h e r i t e d  c a s e i n  v a r i a n t s  i n  c o w ' s  m i l k .  I I  2 5 3
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Fig. 1. Separation of casein components by paper electrophoresis. O =  origin.

the compact unit described by Kohn (1957), available from the Shandon Scientific 
Company Ltd., 6 Cromwell Place, London S.W. 7, was used throughout the work. 
The adjustable end-bars on which the papers rest are set 14 cm apart. The apparatus 
is charged to a depth of 2 cm with a buffered urea solution made up of the following 
chemicals of reagent grade: 0-913 g of citric acid monohydrate, 3-56 g of disodium 
hydrogen phosphate, 300 g of urea, distilled water to 11. Originally 6 M-urea was 
used (Aschaffenburg, 1961), but the 5 m  solution now recommended gives equally 
good results.

The apparatus will hold two sheets, 10 x 20 cm, cut from Whatman 3 MM filter 
paper of chromatography grade, permitting simultaneous electrophoresis of eight 
samples. To apply the samples each paper is drawn through the solution of buffered 
urea, placed on blotting paper for drainage of excess solution and then on a glass 
plate. The area of application is blotted further by gentle pressure from a strip of the 
filter paper approximately 1 cm in width. The samples are applied with a fine camel- 
hair brush across marked distances of 1-5 cm each. The best line of application for



/3-casein typing is not the exact centre of the long axis of the paper, but one a few mm 
displaced towards the cathode. The precise position cannot be laid down, as it was 
found to vary from apparatus to apparatus, but it can easily be ascertained for each 
apparatus by comparative tests with the same sample applied to different application 
lines.

Preliminary trials showed that electrophoresis at a low temperature produced 
results superior to those obtainable at room temperature, and accordingly our runs 
were made in a cold-room at about 4 °C. The papers are placed into position, left for 
30 min to allow equilibration cf temperature and buffer flow, and a constant voltage 
of 180 V is then applied for 5§ h, producing an initial current of approximately 
0-45 mA/cm which rises slightly as the run proceeds.

At the end of the run the papers are suspended horizontally and dried at about 
105 °C for 15-20 min. They are then stained with bromophenol blue, using a tenfold 
dilution of a stock solution, prepared by dissolving first 5 g of bromophenol blue and 
then 100 g of mercuric chloride in 900 ml of methanol, and finally adding 200 ml of 
glacial acetic acid. After a staining period of about 3 min, the background stain is 
removed by washing several times in tapwater containing 1 % (v/v) glacial acetic 
acid. When the unbound dye is removed, after 30-40 min, the papers are suspended 
vertically and allowed to dry in the air. To develop the full colour of the protein- 
bound dye, it is advisable to expose the papers to ammonia vapour whilst they are 
still slightly damp.

RESULTS

J e r s e y s

Nine sets of eight milks each were examined with the following results.
/3-casein phenotype
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Herd no. A/A A/B B/B
J1 8 0 0
J  2 1 6 1
J  3 4 2 2
J  4 8 0 0
J  5 8 0 0
J  6 5 3 0
J7 1 4 3
J  8 1 2 5
J  9 6 1 1

42 18 12

These data provide conclusive proof of the existence of a /3-casein polymorphism in 
Jersey cattle. The frequency with which the B-allele occurs varies remarkably from 
herd to herd, but overall it is fairly high. That it can reach very high proportions on 
a particular farm is illustrated by the findings for herd J 2 from which follow-up 
samples were collected. The distribution of phenotypes in a total of forty-three 
samples (including those listed above) was as follows.

A/A A/B B/B
9 22 12

An examination of family data showed that thirty-one of the forty-three animals



were the offspring of six bulls, certain (nos. 3, 4 and 5) or likely to transmit the 
B-allele.

Phenotype of offspring
No. of ,----------------------^ ,

I n h e r i t e d  c a s e i n  v a r i a n t s  i n  c o w ’s  m i l l e .  I I  2 5 5

Bull no. matings A/A A/B B/B
1 9 0 5 4
2 7 2 5 0
3 6 1 2 3
4 3 1 l 1
5 3 1 l 1
6 3 0 2 1

G u e r n s e y s

Twelve sets of eight milks each were examined. Variants of /1-casein were found at 
only four of the twelve farms, whilst all the animals at the remaining eight farms 
produced the A variant alone.

jS-casein phenotype

Herd no. A/A A/B B/B A/C B/C c/c
G4 4 2 0 2 0 0
G7 6 2 0 0 0 0
G8 5 0 0 1 0 2
G 12 5 0 0 3 0 0

Clearly the variants B and C occur in Guerney milks, but in very low frequency.
Follow-up tests at three of the farms gave the following results (including those
listed above).

Herd
no.

No. of 
samples 
tested

jS-casein phenotype

A/A A/B B/B A/C B/C c/c ’
G4 40 28 2 0 10 0 0
G7 16 12 3 1 0 0 0
G8 39 21 0 0 16 0 2

These results put the issue beyond doubt as far as the O-allele is concerned, but the 
rarity of the B-allele raised the question whether its occurrence might not be a 
reflexion of cross-breeding with Jersey cattle. Recourse was therefore had to an 
examination of milk samples from the island of Guernsey itself where the purity of 
the breed can hardly be regarded as suspect. Eight sets of six milks each were tested, 
revealing the occurrence of three of the six potential phenotypes.

/3-oasein phenotype

Herd no. A/A A/B A/C

IG 1 6 0 0
2 5 1 0
3 6 0 0
4 5 0 1
5 4 1 1
6 6 0 1
7 5 0 1
8 5 0 1

These findings allow the conclusion that the B-alleles is a genuine constituent of 
Guernsey milk. Its rarity is reflected in the fact that only one homozygote B/B, and
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no heterozygote of type B/C was encountered in examining the milk of over 200 
Guernsey cows. The high frequency of the C-allele in the animals tested in herd G. 8, 
the only herd in which homozygotes for the C-allele were met with, can be explained 
by the breeding regime of this farm. No less than twenty-seven of the thirty-nine 
animals tested were found to be offspring of one particular bull (I) and of three of 
his sons (II, III, IV).

Phenotype of offspring
Bull No. of r --------------------A--------------

no. matings A/A A/C c/c

i 10 5 5 0
h 6 3 2 1

h i 5 2 3 0
IV 6 4 2 0

There can be little doubt that the sons as well as the parent bull transmit the C-allele, 
though this is proven only for bull no. II which must be a heterozygote A/C.

A y r s h i r e s  a n d  S h o r th o r n s

For both breeds eight sets of eight milks each were examined. Every one of the 
sixty-four animals of each breed produced only one /3-casein, the A-variant, a result 
confirming the suspected restriction of the /3-casein polymorphism to certain breeds of 
cattle.

F r i e s i a n s

T h e  I n s t i t u t e  c o w s . Of the seventy-five milk samples examined, seventy-three 
produced a single /3-casein, the A-variant, one was classified as A/B, whilst the 
remaining one was difficult to classify. The single /3-casein band obtained on paper 
electrophoresis had a mobility a little slower than A, but faster than B. The anomaly, 
referred to as /3-casein Aslow, will be discussed later.

H e i f e r  c o lle c tio n  I .  This group consisted of thirty-six animals of which thirty-three 
were typed as A/A, one as B/B and one as A/B ; the remaining cow provided another 
example of A<low. Ten contemporaries of the non-pedigree B/B-animal were sampled 
at the farm of origin: all of them were found to be A/A. The cows classified as A/B 
and Aslow were two of a group of four from another non-pedigree herd. Of twenty-five 
follow-up samples taken at the farm of origin, twenty were A/A and five A/B.

H e i f e r  c o lle c tio n  I I .  This group consisted of forty-six animals of which thirty-nine 
were typed as A/A, and seven as A/B. The A/B-animals came from six different herds, 
four of which were of pedigree stock. Follow-up samples were obtained from all the 
pedigree, and one of the non-pedigree herds.

Herd
no.

No. of 
samples

/3-casein phenotype

A/A A/B B/B
i 12 11 1 0
2 16 14 1 1
3 16 14 2 0
4 16 16* 0 0
5 (non- 16 14 2 0

pedigree)

* One of the cows was of the A„low type.



In view of the low frequency of the B-allele it is not surprising that family studies 
were of little reward. A few pointers were obtained, e.g. that the dam of one of the 
A/B-animals housed at the Institute was of the same A/B type, and that the A/B 
and B/B-animals in herd no. 2 belonged to the same breeding line as the A/B-cow 
from this farm kept at the Institute.

Taken together, the results of the survey of /8-caseins in Friesian cattle suggest 
strongly that the B-allele is a true constituent of the caseins of this breed rather than 
a reflexion of cross-breeding with Channel Island cattle, as was at first suspected.

I n h e r i t e d  c a s e i n  v a r i a n t s  i n  c o w ' s  m i l k .  I I .  2 5 7

D IS C U S S IO N

This survey of the milk of cows of five major British breeds has shown that the 
/3-casein polymorphism is not universal. Only one variant, A/A, was found in 
Ayrshire and Shorthorn milks, whilst the remaining breeds, Jersey, Guernsey and 
Friesian, had a second variant, B, in common. A third variant, C, was found in 
addition only in the milk of Guernsey cows. The establishment of a true genetic 
difference between the two Channel Island breeds is perhaps the most significant 
finding of this work. It is an open question whether the C-allele in Guernsey milk is 
of comparatively recent or of ancient origin, in which latter case it would point to 
differences in the derivation of Guernsey and Jersey cattle. A search for the C-allele 
in European, and particularly French, breeds is highly desirable, as it might throw 
light on the pathway by which cattle reached the Channel Islands. It is noteworthy 
that a study of haemoglobin polymorphism would be of no help in this respect, as 
both Channel Island breeds are characterized by the production of the same two 
haemoglobin variants (Bangham, 1957).

Another difference between the two Channel Island breeds is seen in the frequency 
of occurrence of the B-allele, high in the Jersey, but low in the Guernsey breed. The 
presence of this allele in some, though few, Friesian milks is intriguing, as it suggests 
a possible link with the Channel Island breeds.

As a result of the work reported here, it is now possible to isolate the three /3-casein 
variants from the milk of the appropriate homozygotes, and to establish the dif
ferences in their amino acid composition, the existence of which is clearly indicated by 
the variations in electrophoretic mobilities. It might also be possible, in due course, 
to locate the positions on the amino acid chain at which amino acid interchanges 
occur. Such studies should help in arriving at a better understanding of the structural 
features and chemical reactivity of the /8-casein molecules.

As mentioned above, three instances were encountered in which Friesian cows 
produced the /3-casein referred to as Aslow. Two of the cows are still at the Institute, 
and their milk has recently been re-examined after they calved down again, and the 
anomaly was found to persist. When the samples were studied by a more searching 
electrophoretic technique, now under development, which is based on the use of 
acrylamide gel as the supporting medium, the /8-caseins resolved, surprisingly, into 
two bands indistinguishable from those normally obtained with milk samples from 
cows heterozygous for A and B. It is, however, evident, from the anomalous behaviour 
of the Aslow samples on filter paper, that they cannot be classified as straightforward 
heterozygotes A/B, and they require further investigation.

17 Dairy Res. 30
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As recently shown by Thompson e t a l . (1962), oq-casein as well as /3-casein occurs in 
the form of three variants in cow’s milk. Attempts to resolve the «„-variants by paper 
electrophoresis have so far failed. Future surveys of the kind described here will, 
therefore, require the application of other techniques, e.g. of starch gel electro
phoresis, as used by the American authors, or of the above-mentioned acrylamide gel 
method which promises to be simpler to use. Nevertheless, a fairly detailed descrip
tion of the technique of paper electrophoresis was felt to be justified, as the simple 
method retains its usefulness in other respects. It remains, in particular, the only 
means by which the elusive /c-casein component can be isolated in the form of a single 
well-defined band.

The prediction that several independent genes are involved in the elaboration of 
the casein complex by the mammary gland (AschafFenburg, 1961) has been borne 
out by the discovery of the cq-casein polymorphism by Thompson e t a l . (1962), and 
with the searching methods now available, similar findings concerning some of the 
lesser constituents of the casein complex may well emerge before long. Whatever the 
outcome of future investigations, it is already clear that not one, but a series of genes 
is involved in the synthesis of the unique phosphoproteins which form the principal 
source of protein nutrition of the mammalian young.

It is a pleasure to repeat my thanks to my colleagues of the Dairy Husbandry 
Department, Dr F. H. Dodd and Mr W. S. Mitchell, and to Mr N. T. Culling and his 
staff at the Reading Regional Milk Records Office, Milk Marketing Board, for the 
collection of samples and information. I am also grateful to Mr E. Baker, Guernsey, 
for arranging the collection and dispatch of milk samples from the island. Last, but 
not least, I thank Miss J. E. Cooper who assisted with skill and enthusiasm.
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It has been shown by Hipp, Groves, Custer & McMeekin (1952) that the differential 
solubility in urea of the casein components of cow’s milk can be utilized for pre
parative purposes. Fractionation is achieved by step-wise dilution of a solution of 
all the casein components in strong (6-6 molar) urea. In connexion with the work on 
the three genetically distinct ¿3-caseins discussed in the preceding paper, the need 
arose to prepare the variants A, B and C from the milk of appropriate homozygotes. 
This led to the development of the modified procedure described in this note, a pro
cedure more sparing in urea and more effective in the initial isolation of the /3-casein 
fraction than the original method of Hipp e t a l .

P r i n c i p l e  o f  th e  m e th o d . The total casein obtained by acid precipitation is dispersed 
in 3-3 M-urea, and the pH reduced to 4-6. Under these conditions the bulk of the 
/3-casein remains in solution whilst virtually all the other casein components are 
precipitated, as illustrated in PI. 1. The /3-casein can now be purified by conventional 
methods.

M e th o d .  The casein is precipitated from 1 1 of skim-milk with n -HCI at pH 4-6, 
the precipitate filtered through muslin, washed with warm water, re-dispersed with 
the aid of N-NaOH, and precipitated again at pH 4-6. The filtered precipitate is now 
dispersed in about 700 ml of water by adding 180 g of urea of reagent quality and 
N-Na()H to a final pH of 7-5. The volume is adjusted to 900 ml, and the pH reduced 
to 4-6. The components insoluble in 3-3 M-urea settle in the form of oily floccules.

The supernatant, containing the /3-casein, is filtered through Whatman No. 4 
paper, the pH of the cloudy filtrate (about 800 ml) adjusted to 4-90, the filtrate 
diluted with 2 1 of water and warmed to 30 °C. The flocculant precipitate is allowed 
to settle overnight. As much as possible of the supernatant is decanted, and the 
precipitate collected on a Buchner funnel.

The crude /3-casein is dispersed in 400 ml of 3-3 M-urea with addition of NaOH to 
pH 7-5, and the turbid solution is brought to pH 4-60 and then warmed to 37 °C. The 
small oily precipitate is centrifuged down, and the supernatant decanted and filtered 
through Whatman No. 30 paper. The filtrate is brought to pH 4-90, diluted with 
800 ml of water and warmed to 30 °C. The oily floccules of /3-casein are centrifuged 
down, and further purified by dispersion in 300 ml of water with addition of NaOH. 
The /3-casein is then re-precipitated at pH 4-90. The gummy precipitate is washed 
in succession with water, absolute alcohol and acetone, pre-dried in air, crushed to 
a fine powder, and finally dried i n  v a c u o .

The yield of purified /3-casein is usually of the order of 3 g/1, but it can be improved 
by increasing the volume of skim-milk used as the starting material. Paper electro-

17-2



2 6 0 R .  A s c h a f f e n b u r g

phoresis shows the /3-casein preparation to be free from major impurities. In particular 
no traces of cts- and /c-casein can be detected.

The technical assistance of Miss J. E. Cooper is gratefully acknowledged.
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EXPLANATION OF PLATE

Plate 1. Fractionation of casein, a, total casein; 6, components insoluble in 3-3 M-urea at pH  4-6; 
c, /3-casein which is soluble under these conditions. Paper electrophoresis in 5 M-urea, buffered with 
citrate-phosphate, pH 7-15. O =  origin.
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The physiology and the microbiology of the rumen are treated with such indepen
dence in the literature that it is difficult to survey them as a single subject, however 
closely related they may be inside the rumen. The subjects are therefore con
sidered separately in the two parts of this review. These are linked by cross-reference 
where appropriate and are followed by a joint list of references.

P a r t  1. THE PHYSIOLOGY OF THE RUMEN
INTRODUCTION

The physiology of the rumen has attracted so much attention that it no longer 
seems possible to review it critically, readably and within a reasonable space and at 
the same time mention all the relevant work that has been published. The number of
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references given has therefore been reduced by citing only the most pertinent or most 
recent from groups of papers, through which the others may be traced, and attention 
has been limited largely to the last 5 years or so by referring freely to books and reviews.

Rumen physiology was last reviewed in this J o u r n a l  in an article by Edwards (1955) 
on ‘The biochemistry and microbiology of the rumen’. Part 1 of the present review 
considers the rumen from an angle that highlights the physiological mechanisms by 
which conditions in the rumen are kept suitable for continuous microbial activity 
and growth. As a result of this approach some important aspects of rumen physio
logy, such as rumination and rumen movements generally, are not treated separately 
but are only touched on in passing. For the sake of brevity the reticulo-rumen will 
usually be referred to as the rumen.

The volume and composition of the rumen contents depends on the balance 
achieved between gains and losses, between the addition of food, water, salivary 
secretions and microbial products, and the removal of material by onward flow to the 
omasum, belching, absorption through the rumen wall and microbial degradation. 
The equilibrium that results is unstable to the extent that it varies with the diet and 
the feeding cycle and it may collapse under such extreme conditions as are imposed 
by diets containing excessive amounts of readily digested carbohydrates or urea. 
Normally, however, the rumen contents supply the basic requirements of the micro
organisms and conditions are constant enough for continuous if rather uneven 
microbial activity and growth. End-products of microbial metabolism are removed 
so that they do not eventually arrest further fermentation as they do in the silage 
heap, the brewer’s vat and in some ‘artificial rumens’. Functions such as salivary 
secretion, rumination, belching and reticulum and rumen contractions are largely 
controlled by physiological reflex mechanisms responding to stimulation of the 
mouth, reticulum, rumen and abomasum, and normally they may well depend on the 
summation of both excitatory and inhibitory stimuli.

ANATOMICAL AND PHYSIOLOGICAL DEVELOPMENT OF THE RUMEN

The rumen of the adult sheep is entirely lined by keratinized squamous epithelium. 
The histological appearance of the epithelium has been described by Dobson, Brown, 
Dobson & Phillipson (1956) and Lindhe & Sperber (1959) have studied the tissue by 
electron microscopy. The surface area of the epithelium is greatly increased by being 
thrown up into numerous folds and papillae which are supplied by a profuse capillary 
network. This large surface area, together with the columnar arrangement of mito
chondria in the basal cells of the epithelium (Dobson e t a l . 1956) and the wide inter
cellular spaces (Lindhe & Sperber, 1959), probably accounts for the rapid passage of 
some solutes through the epithelium in both directions and for active absorption of 
sodium ions. No glandular cells are present in the reticulum or rumen of sheep and 
cattle and no digestive juice is secreted; the salivary glands supply virtually the only 
secretion entering the rumen but supply it in abundance. In the camel, on the other 
hand, peculiar sacculations of the rumen and most of the reticulum and omasum are 
lined by a glandular epithelium (Hansen & Schmidt-Nielsen, 1957) and another 
mammal that pre-ferments its food, the quokka, described by Moir, Somers & Waring 
(1956), does so in a glandular fore-part of the stomach.

The fore-stomach is small and almost empty at birth; suckling and swallowing of

R e v i e w s  o f  t h e  p r o g r e s s  o f  d a i r y  s c i e n c e
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fluid cause reflex closure of the oesophagal groove (Comline & Titchen, 1961) so that 
milk by-passes the rumen and enters the abomasum directly. The fore-stomach grows 
rapidly in animals at pasture hut is arrested at an early stage of development when 
the diet is restricted to milk (Tamate, 1956). Calves and kids begin to ruminate when 
about 2 weeks old provided that roughage is available as fodder (Swanson & Harris, 
1958; Tulbaev, 1958). Wardrop & Coombe (1960) measured the weights of the stomach 
compartments at weekly intervals in lambs at pasture with their dams and found 
that the rumen grew fastest, followed by the reticulum, the omasum and the abo
masum and that these compartments reached their adult proportions by about 
56 days. Church, Jessup & Bogart (1962) obtained similar results. In kids the 
capacity of the rumen increases from about \  to 3 1 within 5 weeks of weaning 
(Tamate, 1957) but the actual volume of rumen contents increases more slowly 
(Wardrop & Coombe, 1961). The consumption of wood shavings by calves was found 
to increase the volume of fluid in the rumen and its rate of flow to the omasum 
(Smith, 1961) while the introduction of plastic sponges into the rumen increased both 
its capacity and musculature (Tamate, McGilliard, Jacobson & Getty, 1962).

Neither of the last two procedures encouraged papillary growth, which occurs quite 
independently of increases in the volume of the rumen and evidently depends on the 
establishment of an actively fermenting microbial population (see p. 289). Papillary 
growth is most rapid when rapidly fermented diets are fed, is slower on hay or grass, 
and fails altogether when only milk is given (Brownlee, 1956; Warner, Flatt & 
Loosli, 1956). Flatt, Warner & Loosli (1958) found that a synthetic diet, or the 
administration of a mixture of fatty acids, promoted papillary growth and a later 
paper (Sander, Warner, Harrison & Loosli, 1959) reported that the administration of 
sodium butyrate or sodium propionate into the rumen was sufficient to cause good 
papillary development, perhaps as a result of the metabolic reactions they stimulated 
in the rumen epithelium. Tamate e t d l . (1962) found that although the papillae are 
short at birth they shorten still further in calves fed only milk, perhaps as a result 
of the removal of the influence of maternal volatile fatty acids. Carbonated water 
or sodium and potassium chloride or bicarbonate caused little papillary growth; milk 
did cause some growth but only when given into the rumen. The histological develop
ment of the papillae is complete by about 40 days of age in grazing lambs (Church e t a l .  

1962). Keratinization is increased by pelleting the ration when hay and grain is fed 
(Thompson, Kintner & Pfander, 1958).

Wardrop & Coombe (1961) found that the development of rumen function in lambs 
at pasture was characterized by a transition phase between non-ruminant and adult 
stages which extended from 3 to 8 weeks of age. During this phase the concentration 
of volatile fatty acids rose and that of ammonia fell irregularly while the pH fluctuated 
considerably. Early weaned calves also pass through a period during which rumen 
pH values may drop below 5 and the animals suffer from bloat and scouring (Dinda, 
1960). Despite this evidence of rumen dysfunction young lambs digest lucerne chaff 
(Wardrop & Coombe, 1961) and 3- to 10-week-old calves digest grass (Preston, 
Archibald & Tinkler, 1957) quite efficiently.

Both the ability to absorb fatty acids from the rumen and salivary secretion only 
begin to develop in the very young ruminant with the onset of rapid fermentation 
in the rumen. This may explain why the pH and fatty acid concentrations are so

P h y s i o l o g y
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w i t h  a g e  i n  c a l v e s  t h a t  w e r e  f e d  m i lk ,  a l f a l f a  n u t s  a n d  g r a in  b u t  r e m a i n e d  a t  a  l o w  l e v e l  

w h e n  o n l y  m i l k  w a s  g i v e n  ( S u t t o n ,  M c G i l l ia r d  &  J a c o b s o n ,  1 9 6 1 ) .  S a l i v a r y  s e c r e t i o n  

d e v e l o p s  a l o n g  s im i l a r  l i n e s .  I n  c o n f i r m a t i o n  o f  t h e  o b s e r v a t i o n s  o f  E l o v s k i k h  ( 1 9 3 7  a ) ,  

K a y  ( 1 9 5 8 )  f o u n d  t h a t  t h e  p a r o t i d  g l a n d s  o f  c a l v e s  l e s s  t h a n  3  m o n t h s  o l d  s e c r e t e d  

l i t t l e  s a l i v a .  S u b s e q u e n t l y  t h e  r a t e  o f  p a r o t i d  s e c r e t i o n  w a s  m e a s u r e d  u n d e r  a n a e s 

t h e s i a  in  y o u n g  g o a t s  t h a t  h a d  b e e n  r e a r e d  o n  m i lk  a n d  h a y  ( K a y ,  1 9 6 0 6 ) .  T h e  g l a n d s  

s e c r e t e d  l i t t l e  s a l i v a  a n d  a p p e a r e d  h i s t o l o g i c a l l y  i m m a t u r e  d u r in g  t h e  f i r s t  2  w e e k s  

o f  l i f e ,  b u t  t h e  r a t e  o f  s e c r e t i o n  p e r  g r a m  o f  p a r o t i d  g l a n d  t h e n  in c r e a s e d  u n t i l  a d u l t  

r a t e s  o f  s e c r e t i o n  a n d  h i s t o l o g i c a l  a p p e a r a n c e  w e r e  a c h i e v e d  a t  a b o u t  3  m o n t h s .  T h e  

c o m p o s i t i o n  o f  t h e  s a l i v a  s h o w e d  l i t t l e  c h a n g e  w i t h  a g e .  W i l s o n  &  T r ib e  ( 1 9 6 1 )  

s h o w e d  t h a t  t h e  g r o w t h  a n d  t h e  p h y s i o l o g i c a l  a n d  h i s t o l o g i c a l  m a t u r a t i o n  o f  t h e  

p a r o t i d  g l a n d s  w e r e  c l o s e l y  l i n k e d  w i t h  t h e  g r o w t h  o f  t h e  r u m e n  a n d  t h e  e s t a b l i s h 

m e n t  o f  r u m i n a l  f e r m e n t a t i o n .  D e v e l o p m e n t  o f  p a r o t i d  a n d  r u m e n  f u n c t i o n  w a s  

f a s t e s t  i n  l a m b s  a t  p a s t u r e ,  s l o w e r  i n  l a m b s  t h a t  w e r e  f e d  h a y  a n d  a l m o s t  c o m p l e t e l y  

a r r e s t e d  i n  l a m b s  f e d  o n l y  m i lk .  O n  t h e  o t h e r  h a n d ,  t h e  s u b m a x i l l a r y  g l a n d s  g r e w  

i n d e p e n d e n t l y  o f  t h e  d i e t .  T h e  n a t u r e  o f  t h e  l i n k  b e t w e e n  r u m e n  a n d  p a r o t i d  d e v e l o p 

m e n t  i s  a n  i n t e r e s t i n g  p r o b l e m  w h i c h  h a s  s t i l l  t o  b e  s o l v e d .
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T h e  a m o u n t  o f  o r g a n ic  m a t t e r  i n  t h e  r u m e n  a n d  i t s  q u a l i t y  a n d  c o n c e n t r a t i o n  a r e  

c l e a r l y  t h e  m o s t  i m p o r t a n t  f a c t o r s  t h a t  n o r m a l l y  i n f l u e n c e  a n d  l i m i t  m i c r o b i a l  a c t i v i t y  

( s e e  p .  2 9 2 ) .  T h e  p h y s i o l o g i c a l  r e g u l a t i o n  o f  t h e  o r g a n i c  m a t t e r  c o n t e n t  o f  t h e  r u m e n  

i s  d i s c u s s e d  i n  r e c e n t  r e v i e w s  b y  C o r b e t t  ( 1 9 6 1 )  a n d  b y  B a l c h  & C a m p l in g  ( 1 9 6 2 )  o n  

f e e d i n g  a n d  t h e  c o n t r o l  o f  f o o d  i n t a k e ,  s o  m o s t  a s p e c t s  o f  t h e  s u b j e c t  m a y  b e  d e a l t  

w i t h  r a t h e r  b r i e f l y  h e r e .

A n a l y s e s  o f  t h e  c o n t e n t s  o f  t h e  v a r i o u s  c o m p a r t m e n t s  o f  t h e  g u t  i n  s l a u g h t e r e d  

a n i m a l s ,  r e v i e w e d  b y  B a l c h  & C a m p l in g  ( 1 9 6 2 ) ,  s h o w  t h a t  t h e  r u m e n  h o l d s  a b o u t  

t h r e e - q u a r t e r s  o f  a l l  t h e  d r y  m a t t e r  c o n t a i n e d  b y  t h e  d i g e s t i v e  t r a c t  a n d  t h a t  a t  l e a s t  

6 0  %  o f  t h e  d i g e s t i b l e  d r y  m a t t e r  o f  r o u g h a g e  d i e t s  i s  d i g e s t e d  t h e r e .  S i m i l a r  r e s u l t s  

w e r e  o b t a i n e d  b y  R o g e r s o n  ( 1 9 5 8 ) .  T h e  i m p o r t a n c e  o f  d i g e s t i o n  i n  t h e  r u m e n  h a s  a l s o  

b e e n  d e m o n s t r a t e d  i n  c o n s c i o u s  a n i m a l s  b y  d i r e c t  m e a s u r e m e n t  o f  t h e  f l o w  a n d  

c o m p o s i t i o n  o f  d i g e s t a  l e a v i n g  t h e  o m a s u m  ( K a m e o k a  & M o r im o t o ,  1 9 5 9 ;  O y a e r t  &  

B o u c k a e r t ,  1 9 6 1 )  a n d  e n t e r i n g  t h e  d u o d e n u m  ( H o g a n  & P h i l l i p s o n ,  1 9 6 0 ;  H a r r i s  &  

P h i l l i p s o n ,  1 9 6 2 ;  R i d g e s  & S i n g l e t o n ,  1 9 6 2 ) .  B o y n e ,  C a m p b e l l ,  D a v i d s o n  & C u t h b e r t -  

s o n  ( 1 9 5 6 )  s h o w e d  t h a t  t h e  d r y  m a t t e r  i n  t h e  r u m e n s  o f  s h e e p  o n  a  d i e t  o f  h a y ,  g r o u n d  

m a i z e  a n d  m e a l s  f o r m e d  7 5 %  o f  t h e  t o t a l  d r y  m a t t e r  i n  t h e  g u t  w h e n  t h e y  w e r e  

s l a u g h t e r e d  i m m e d i a t e l y  a f t e r  f e e d i n g ,  b u t  a s  a  r e s u l t  o f  t h e  d e c l i n e  i n  t h e  w e i g h t  

a n d  p e r c e n t a g e  o f  d r y  m a t t e r  in  t h e  r u m e n  c o n t e n t s  b e t w e e n  m e a l s  ( B a l c h ,  1 9 5 8 ;  

S t e w a r t ,  S t e w a r t  &  S c h u l t z ,  1 9 5 8 )  t h i s  f ig u r e  f e l l  t o  6 0  %  b y  1 2  h  a f t e r  f e e d i n g .  B a l c h  

& L i n e  ( 1 9 5 7 )  s h o w e d  t h a t  t h e  f a l l  i n  b o d y  w e i g h t  t h a t  o c c u r s  w h e n  c a t t l e  o n  p r e 

d o m i n a n t l y  h a y  d i e t s  a r e  f i r s t  t u r n e d  o u t  t o  p a s t u r e  i s  l a r g e l y  d u e  t o  a  s u b s t a n t i a l  

d e c r e a s e  i n  t h e  w e i g h t  o f  t h e  r u m e n  c o n t e n t s .

T h e  c o n c e n t r a t i o n  o f  d r y  m a t t e r  i n  t h e  r u m e n s  o f  s h e e p  i s  a r o u n d  1 0 %  o n  h a y  

d i e t s  ( a s  f o u n d  b y  G r a y ,  P i l g r i m  &  W e l l e r  ( 1 9 5 4 ) ,  f o r  e x a m p l e ) ,  i s  h i g h e r  w h e n  c o n -



c e n t r â t e s  a r e  f e d ,  a n d  a p p r o a c h e s  2 0  %  o n  d i e t s  s u p p l e m e n t e d  w i t h  m a i z e  ( B o y n e  e l a l .

1 9 5 6 )  o r  w h o l l y  o f  m a i z e  ( R o g e r s o n ,  1 9 5 8 ) .  I t  d e p e n d s  t o  s o m e  e x t e n t  o n  t h e  a s h  

i n t a k e  ( N i c h o l s o n ,  L o o s l i ,  &  W a r n e r ,  1 9 6 0 ) .  L a r g e  f l u c t u a t i o n s  o f  t h e  r a t i o  o f  s o l i d s  

t o  w a t e r  i n  t h e  r u m e n  a r e  n o t  t o  b e  e x p e c t e d  f o r  o n  m o s t  d i e t s ,  m a i z e  b e i n g  a  s i g n i f i 

c a n t  e x c e p t i o n ,  t h e  v o l u m e s  o f  w a t e r  d r u n k  a n d  o f  s a l i v a  s e c r e t e d  a r e  b o t h  r o u g h l y  

p r o p o r t i o n a l  t o  t h e  d r y  w e i g h t  o f  f o o d  e a t e n  ( s e e  p p .  2 7 1 ,  2 7 5 ) .

I n  m o s t  o f  t h e s e  e x p e r i m e n t s  t h e  w h o l e  o f  t h e  r u m e n  c o n t e n t s  w a s  r e m o v e d  f o r  

m e a s u r e m e n t  e i t h e r  b y  s l a u g h t e r i n g  t h e  a n i m a l  o r  b y  e m p t y i n g  t h e  r u m e n  c o m 

p l e t e l y  t h r o u g h  a  f i s t u l a .  T h i s  a v o i d e d  t h e  p r o b l e m  o f  h a v i n g  t o  o b t a i n  a  f a i r  s a m p l e  

o f  t h e  r u m e n  c o n t e n t s  t h r o u g h  a  f i s t u l a ,  w h i c h  i s  e s p e c i a l l y  d i f f i c u l t  o n  h e t e r o g e n e o u s  

d i e t s ,  s u c h  a s  h a y  a n d  g r a i n ,  w h i c h  l e a d  t o  s t r a t i f i c a t i o n  o f  m a n y  c o m p o n e n t s  o f  t h e  

r u m e n  c o n t e n t s  ( S m i t h ,  S w e e n e y ,  R o o n e y ,  K i n g  & M o o r e ,  1 9 5 6 ) .  R a p i d  a n d  e v e n  

m i x i n g  o f  t h e  r u m e n  c o n t e n t s  h a s  b e e n  a c h i e v e d  i n  s h e e p  b y  S u t h e r l a n d ,  E l l i s ,  R e i d  

& M u r r a y  ( 1 9 6 2 )  w h o  u s e d  a  p u m p  t o  c i r c u l a t e  t h e  c o n t e n t s  c o n t i n u o u s l y  t h r o u g h  

a n  e x t e r n a l  l o o p .  I t  w a s  n e c e s s a r y  t o  f e e d  g r a s s  n u t s  t o  a v o i d  c l o g g i n g  t h e  p u m p .

C o n t r o l  o f  f o o d  in t a k e

T h e  f e e d i n g  v a l u e  o f  a  f o r a g e ,  a s  C r a m p t o n  ( 1 9 5 7 )  h a s  r e m a r k e d ,  d e p e n d s  m o r e  o n  

t h e  a m o u n t  e a t e n  t h a n  o n  i t s  c h e m i c a l  c o m p o s i t i o n .  T h e  v o l u n t a r y  i n t a k e  o f  f o o d  

b y  a n i m a l s  w i t h  s i m p l e  s t o m a c h s  g e n e r a l l y  f a l l s  a s  t h e  d i g e s t i b i l i t y  o f  t h e  d i e t  

i n c r e a s e s ;  t h i s  e n s u r e s  a  r e a s o n a b l y  c o n s t a n t  i n t a k e  o f  d i g e s t i b l e  e n e r g y .  I n  r u m i 

n a n t s  t h e  r e v e r s e  i s  t r u e ;  v o l u n t a r y  i n t a k e  r i s e s  a s  t h e  d i g e s t i b i l i t y  o f  t h e  d i e t  

i n c r e a s e s ,  a t  l e a s t  w i t h  r o u g h a g e s  ( B l a x t e r  1 9 5 0 ,  p .  7 ) .  C o n s e q u e n t l y  a  s m a l l  i m p r o v e 

m e n t  i n  t h e  d i g e s t i b i l i t y  o f  a  f o d d e r  c a u s e s  a  l a r g e  i n c r e a s e  i n  t h e  i n t a k e  o f  d i g e s t i b l e  

e n e r g y ,  f o r  n o t  o n l y  i s  t h e  f o o d  m o r e  f u l l y  d i g e s t e d  b u t  a l s o  m o r e  i s  e a t e n .  T h e  

v o l u n t a r y  i n t a k e  o f  a  f o r a g e  i s  t h u s  a  g o o d  i n d i c a t i o n  o f  i t s  f e e d i n g  v a l u e ,  a n d  

C r a m p t o n ,  D o n e f e r  &  L l o y d  ( 1 9 6 0 )  h a v e  u s e d  t h e  v o l u n t a r y  i n t a k e  a n d  d i g e s t i b i l i t y  

o f  f o r a g e  t o  c o m p u t e  a  N u t r i t i v e  V a l u e  I n d e x .

T h e  d i f f e r e n c e  i n  t h e  r e g u l a t i o n  o f  f o o d  i n t a k e  b e t w e e n  r u m i n a n t s  a n d  n o n 

h e r b i v o r e s  s e e m s  t o  b e  r e l a t e d  t o  t h e  r e l a t i v e  b u l k  a n d  i n d i g e s t i b i l i t y  o f  t h e  r u m i n a n t ’s  

d i e t .  T h e  r u m i n a n t ’s  g u t  i s  a l w a y s  p a r t l y  f i l l e d  w i t h  u n d i g e s t e d  f o o d  r e s i d u e s  a n d  i t  

h a s  l o n g  b e e n  t h o u g h t  t h a t  t h i s  m i g h t  p l a c e  a  l i m i t  o n  t h e  v o l u n t a r y  i n t a k e  o f  

r o u g h a g e s .  T h e  r e c e n t  e x p e r i m e n t s  o f  B l a x t e r  a n d  o f  B a l c h  a n d  t h e i r  c o l l e a g u e s  h a v e  

c o n v i n c i n g l y  s h o w n  t h a t  t h i s  i s  t h e  c a s e ,  a n d  i t  f o l l o w s  t h a t  t h e  a m o u n t  o f  f o o d  t h a t  

c a n  b e  e a t e n  d e p e n d s  o n  t h e  r a t e  a t  w h i c h  r e s i d u e s  f r o m  p r e v i o u s  m e a l s  c a n  b e  r e m o v e d  

f r o m  t h e  g u t  b y  d i g e s t i o n  a n d  b y  e x c r e t i o n  i n  t h e  f a e c e s .  B l a x t e r ,  G r a h a m  & W a i n -  

m a n  ( 1 9 5 6 )  m e a s u r e d  t h e  r a t e  o f  p a s s a g e  o f  f o o d  t h r o u g h  t h e  s h e e p ’s  g u t  a n d  s h o w e d  

t h a t  g r i n d i n g  d r i e d  g r a s s  o r  i n c r e a s i n g  t h e  a m o u n t  e a t e n  i n c r e a s e d  i t s  r a t e  o f  

p a s s a g e  a n d  s o  r e d u c e d  i t s  d i g e s t i b i l i t y  ( s e e  a l s o  R o d r i g u e  & A l l e n ,  1 9 6 0 ) .  L a t e r  

B l a x t e r ,  W a i n m a n  & W i l s o n  ( 1 9 6 1 )  m e a s u r e d  t h e  v o l u n t a r y  i n t a k e  o f  p o o r ,  m o d e r a t e  

a n d  g o o d  h a y  a n d  f o u n d  t h a t  i n t a k e  i n c r e a s e d  w i t h  t h e  d i g e s t i b i l i t y  a n d  r a t e  o f  

p a s s a g e  i n  s u c h  a  w a y  t h a t  t h e  a m o u n t  o f  d r y  m a t t e r  c o n t a i n e d  b y  t h e  g u t  a t  t h e  

e n d  o f  a  m e a l  w a s  t h e  s a m e ,  w h a t e v e r  t h e  q u a l i t y  o f  t h e  h a y  e a t e n .  S i m i l a r  r e s u l t s  

w e r e  o b t a i n e d  w i t h  s t e e r s  ( B l a x t e r  & W i l s o n ,  1 9 6 2 ) .

B a l c h  a n d  h i s  c o l l e a g u e s  s t r e s s  t h e  i m p o r t a n c e  o f  t h e  r u m e n .  C a m p l in g  & B a l c h  

( 1 9 6 1 )  f o u n d  t h a t  t h e  a m o u n t  o f  h a y  e a t e n  a t  a  m e a l  b y  c a t t l e  w a s  i n c r e a s e d  b y
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r e m o v i n g  s w a l l o w e d  f o o d  o r  r u m e n  c o n t e n t s  a n d  w a s  d e c r e a s e d  b y  i n f l a t i n g  a  b l a d d e r  

i n  t h e  r u m e n  b u t  n o t  b y  p o u r i n g  w a t e r  i n t o  t h e  r u m e n .  T h e  l a t t e r  r e s u l t s  h a v e  a l s o  

b e e n  o b t a i n e d  w i t h  s h e e p  b y  L l o y d  D a v i e s  ( 1 9 6 2 ) .  T h e  i n t a k e  o f  s t r a w  w a s  l e s s  t h a n  

t h a t  o f  h a y  a n d  t h i s  w a s  a s s o c i a t e d  w i t h  s l o w e r  d i g e s t i o n  o f  f ib r e  i n  t h e  r u m e n  a n d  

s l o w e r  p a s s a g e  o f  r e s i d u e s  t h r o u g h  t h e  g u t  ( C a m p l in g ,  F r e e r  & B a l c h ,  1 9 6 1 ) .  T h e  s t r a w  

d i e t  w a s  c h e w e d  a n d  r u m i n a t e d  f o r  m u c h  l o n g e r ,  p e r  p o u n d  o f  f o o d  e a t e n ,  t h a n  t h e  

L a y  d i e t  a n d  t h i s  s e e m e d  t o  b e  n e e d e d  t o  r e d u c e  t h e  s t r a w  p a r t i c l e s  t o  a  s i z e  t h a t  

w o u l d  p a s s  t h r o u g h  t h e  r e t i c u l o - o m a s a l  o r i f i c e  ( F r e e r ,  C a m p l in g  &  B a l c h ,  1 9 6 2 ) .  

I n f u s i o n  o f  u r e a  i n t o  t h e  r u m e n ,  w h i c h  a c c e l e r a t e d  b o t h  t h e  d i g e s t i o n  a n d  r a t e  o f  

p a s s a g e  o f  s t r a w ,  a l s o  i n c r e a s e d  t h e  v o l u n t a r y  i n t a k e  ( C a m p l in g ,  F r e e r  & B a l c h ,

1 9 6 2 ) .  S a t i a t i o n  d i d  n o t  d e p e n d  s i m p l y  o n  ~ h e  a m o u n t  o f  d r y  m a t t e r  in  t h e  r u m e n  

a t  t h e  c o m p l e t i o n  o f  a  m e a l  s i n c e  t h i s  w a s  3 5  %  g r e a t e r  o n  h a y  t h a n  o n  s t r a w  a l t h o u g h  

t h i s  d i f f e r e n c e  n a r r o w e d  t o  6  %  i m m e d i a t e l y  b e f o r e  t h e  n e x t  m e a l  ( C a m p l in g  et a l .

1 9 6 1 ) .

T h e  e v i d e n c e  i s  t h u s  s t r o n g  t h a t  s o m e  s t i m u l u s  a s s o c i a t e d  w i t h  t h e  b u l k  o f  f o o d  in  

t h e  g u t  c a u s e s  s a t i a t i o n  b u t  i t s  e x a c t  n a t u r e  a n d  t h e  l o c a t i o n  o f  t h e  r e c e p t o r s  s e n s i t i v e  

t o  i t  n e e d  t o  b e  d e f i n e d .  S a t i a t i o n  a n d  f e e d i n g  c e n t r e s  a r e  f o u n d  in  t h e  g o a t ’s  h y p o 

t h a l a m u s  ( L a r s s o n ,  1 9 5 4 ;  W y r w i c k a  & D o b r z e c k a ,  1 9 6 0 )  a n d  p r e s u m a b l y  d i s t e n s i o n  

o f  t h e  r u m e n  s t i m u l a t e s  t h e  s a t i a t i o n  c e n t r e  j u s t  a s  s t r e t c h  o f  t h e  s t o m a c h  d o e s  i n  

o t h e r  s p e c i e s  ( S h a r m a ,  A n a n d ,  D u a  & S i n g h ,  1 9 6 1 ) .  R e c e p t o r s  s e n s i t i v e  t o  d i s t e n s i o n  

o f  t h e  r u m e n  m a y  r e s p o n d  t o  c h a n g e s  in  t h e  v o l u m e  o f  t h e  r u m e n ,  t o  c h a n g e s  i n  

t e n s i o n  i n  i t s  m u s c u l a r  w a l l  o r  b o t h .  S i m p l e  s t r e t c h  o f  t h e  r u m e n  b y  t h e  v o l u m e  o f  

i t s  c o n t e n t s  i s  u n l i k e l y  t o  b e  t h e  o n l y  i m p o r t a n t  s t i m u l u s  t o  s a t i a t i o n  f o r  H y d e n  

( 1 9 6 1 6 )  f o u n d  l i t t l e  o r  n o  r e d u c t i o n  i n  t h e  v o l u m e  o f  r u m e n  f lu id  in  s h e e p  t h a t  w e r e  

f a s t e d  f o r  u p  t o  5  d a y s  a l t h o u g h  c e r t a i n l y  t h e y  m u s t  h a v e  b e e n  v e r y  h u n g r y .  I f  

t e n s i o n  r e c e p t o r s  i n  s e r i e s  w i t h  t h e  r u m e n  m u s c l e  a r e  c o n c e r n e d  t h e i r  r e s p o n s e  m a y  

b e  m o d i f i e d  b y  t h e  i n c r e a s e d  m u s c u l a r  a c t i v i t y  o f  t h e  r u m e n  d u r in g  f e e d i n g  a n d  

p o s s i b l y  b y  ‘r e c e p t i v e  r e l a x a t i o n ’ o f  t h e  o r g a n .  R e l a x a t i o n  c a n  b e  s e e n  w h e n  t h e  

r u m e n  i s  i n f l a t e d  b y  s t a g e s  w i t h  g a s ,  f o r  t h e  p r e s s u r e  f a l l s  o f f  c o n s i d e r a b l y  b e t w e e n  

e a c h  s t e p  o f  t h e  i n f l a t i o n  ( K a y  & P h i l l i p s o n ,  1 9 5 9 ) .

T h e  r e c e p t o r s  m a y  b e  s im i l a r  t o  t h o s e  l o c a t e d  b y  I g g o  ( 1 9 5 5 )  n e a r  t o  t h e  o e s o -  

p n a g e a l  g r o o v e .  T h e s e  a p p e a r e d  t o  b e  t e n s i o n  r e c e p t o r s  i n  s e r i e s  w i t h  t h e  m u s c l e  a n d  

a c c o m m o d a t e d  s l o w l y ,  i f  a t  a l l ,  t o  m a i n t a i n e d  s t i m u l i .  H i l l  ( 1 9 5 9 )  h a s  d e s c r i b e d  

n e r v o u s  s t r u c t u r e s  t h a t  f o r m  a  n e t w o r k  u n d e r  t h e  e p i t h e l i u m  o f  t h e  r e t i c u l u m  a n d  

r u m e n ,  e s p e c i a l l y  i n  t h e  r e g i o n s  t h a t  a r e  m o s t  s e n s i t i v e  t o  m e c h a n i c a l  s t i m u l a t i o n .  

T o u c h  a n d  s t r e t c h  o f  t h e  c a r d i a c  a n d  r e t i c u l o - o m a s a l  o r i f i c e s  a n d  r e t i c u l o - r u m e n  f o l d  

e l i c i t  d i f f e r e n t  r e s p o n s e s  s o  t h e r e  m u s t  b e  a t  l e a s t  t w o  s o r t s  o f  r e c e p t o r s  i n  t h e s e  p a r t s  

( A s h  & K a y ,  1 9 5 9 ) .  D i s t e n s i o n  o f  t h e  r u m e n  b y  i n f l a t i o n  o r  b y  b a l l o o n s  i n h i b i t s  b o t h  

r u m i n a t i o n  a n d  s a l i v a r y  s e c r e t i o n  ( E l o v s k i k h ,  1 9 3 7 6 ;  K a y  & P h i l i p s o n ,  1 9 5 9 ;  A s h  

&  K a y ,  1 9 5 9 )  a n d  W i l s o n  ( 1 9 6 3 6 )  h a s  e v i d e n c e  t h a t  t h e  i n h i b i t i o n  o f  s a l i v a t i o n  

o b s e r v e d  a t  t h e  e n d  o f  a  m e a l  ( B a i l e y  &  B a l c h  1 9 6 1 a ,  6 )  i s  d u e  t o  t h e  i n c r e a s e  i n  t h e  

v o l u m e  o f  r u m e n  c o n t e n t s .  T h i s  e f f e c t  t h u s  s e e m s  t o  r e s e m b l e  t h e  s a t i a t i o n  m e c h a n i s m  

in  s o m e  r e s p e c t s .

D i s t e n s i o n  o f  t h e  l o w e r  g u t  h a s  s h a r p  i n h i b i t o r y  e f f e c t s  a n d  a l s o  i n f l u e n c e s  f o o d  

i n t a k e .  D i s t e n s i o n  o f  t h e  a b o m a s u m  i n h i b i t s  r u m e n  a n d  r e t i c u l u m  c o n t r a c t i o n s  

( T i t c h e n ,  1 9 6 0 ) ,  a n d  o m a s a l  o u t f l o w  ( A s h ,  1 9 6 2 a ) ,  w h i l e  d i s t e n s i o n  o f  t h e  d u o d e n u m
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i n h i b i t s  a b o m a s a l  o u t f l o w  ( H o g a n  &  P h i l l i p s o n ,  1 9 6 0 )  a n d  a b o m a s a l  s e c r e t i o n  ( A s h ,  

1 9 6 1 ) .  T o t a l  o b s t r u c t i o n  o f  t h e  f l o w  i n t o  t h e  d u o d e n u m  ( A s h ,  1 9 6 2 6 )  o r  t h r o u g h  t h e  

t e r m i n a l  i l e u m  ( G o o d a l l  &  K a y ,  u n p u b l i s h e d  o b s e r v a t i o n s )  r a p i d l y  l e a d s  t o  a  c o m 

p l e t e  l o s s  o f  a p p e t i t e .  T h e  i m p o r t a n c e  o f  t h e s e  i n h i b i t o r y  m e c h a n i s m s  i n  t h e  r e g u l a t i o n  

o f  f o o d  i n t a k e  u n d e r  n o r m a l  c o n d i t i o n s  i s  u n k n o w n ! .

I t  i s  n o t  c e r t a i n  w h a t  p a r t  t h e  a c c u m u l a t i o n  o f  f o o d  r e s i d u e s  i n  t h e  g u t  p l a y s  i n  

l i m i t i n g  t h e  i n t a k e  o f  r i c h  a n d  d i g e s t i b l e  d i e t s .  B l a x t e r  et a l .  ( 1 9 6 1 )  f o u n d  t h a t  a  

s u p p l e m e n t  o f  c o n c e n t r a t e s  r e d u c e d  t h e  i n t a k e  o f  p o o r  q u a l i t y  h a y  l e s s  t h a n  t h a t  o f  

g o o d  q u a l i t y  h a y ,  s u g g e s t i n g  t h a t  e q u a l i t y  o f  d i s t e n s i o n  m a y  b e  t h e  a p p e t i t e - l i m i t i n g  

f a c t o r  i n  t h i s  s i t u a t i o n .  B a l c h  & C a m p l in g  ( 1 9 6 2 )  s u g g e s t e d  t h a t  t h e  c o n t r o l  o f  t h e  

i n t a k e  o f  c o n c e n t r a t e d  d i e t s  b y  r u m i n a n t s  m a y  r e s e m b l e  t h a t  i n  n o n - h e r b i v o r o u s  

a n i m a l s  i n  b e i n g  d e p e n d e n t  o n  a  v a r i e t y  o f  f a c t o r s ,  i n c l u d i n g  b l o o d  n u t r i e n t  l e v e l s  

a n d  h e a t  p r o d u c t i o n ,  i n  a d d i t i o n  t o  g u t  d i s t e n s i o n .  T h e  c o n c e n t r a t i o n s  o f  v o l a t i l e  

f a t t y  a c i d s  i n  t h e  r u m e n  i n c r e a s e  t o o  s l o w l y  a f t e r  a  m e a l  f o r  t h i s  t o  b e  a  l i k e l y  

s t i m u l u s  t o  s a t i a t i o n ,  a n d  a n y h o w  t h e y  a r e  p r o d u c e d  i n  g r e a t e r  q u a n t i t y  f r o m  t h e  

m o r e  d i g e s t i b l e  a n d  t h e r e f o r e  m o r e  r e a d i l y  e a t e n  f o d d e r s .

S m a l l  a n i m a l s  n e e d  t o  c o n s u m e  m o r e  d i g e s t i b l e  e n e r g y  p e r  k i l o g r a m  o f  b o d y  w e i g h t  

t h a n  l a r g e  a n i m a l s .  H u n g a t e ,  P h i l l i p s ,  M c G r e g o r ,  H u n g a t e  &  B u e c h n e r  ( 1 9 5 9 )  

s t u d i e d  a  v a r i e t y  o f  r u m i n a n t s  i n  E a s t  A f r i c a  a n d  f o u n d  t h a t  t h e  f e r m e n t a t i o n  r a t e  o f  

t h e  r u m e n  c o n t e n t s  w a s  f a s t e s t  i n  t h e  s m a l l e s t  a n i m a l  ( a  s u n i  w e i g h i n g  3 -7  k g )  b u t  

t h a t  t h e  r a t i o  o f  t h e  w e i g h t  o f  r u m e n  c o n t e n t s  t o  b o d y  w e i g h t  d i d  n o t  v a r y  w i t h  t h e  

s i z e  o f  t h e  a n i m a l .  T h i s  s u g g e s t s  t h a t  t h e  h i g h  e n e r g y  i n t a k e  n e e d e d  b y  t h e  s u n i  i s  

a c h i e v e d  b y  r a p i d  d i g e s t i o n  a n d  p a s s a g e  o f  f o o d  t h r o u g h  t h e  r u m e n  r a t h e r  t h a n  b y  

i n c r e a s e d  c a p a c i t y  o f  t h e  r u m e n .  S u c h  a  s m a l l  b r o w s in g  a n i m a l  m a y  a l s o  b e  a b l e  t o  

s e l e c t  m o r e  d i g e s t i b l e  f o o d  t o  e a t .  Z e b u s  h a v e  a  s i m i l a r  a d v a n t a g e  o v e r  E u r o p e a n  

c a t t l e  ( P h i l l i p s ,  H u n g a t e ,  M a c G r e g o r  & H u n g a t e ,  1 9 6 0 ;  P h i l l i p s ,  1 9 6 1 a ) .

O u t f lo w  f r o m  the r u m e n

T h e  r a t e  o f  f l o w  o f  d i g e s t a  f r o m  t h e  r u m e n  i n f l u e n c e s  n o t  o n l y  t h e  f o o d  i n t a k e  b u t  

a l s o  t h e  v o l u m e  a n d  t u r n o v e r  o f  r u m e n  f lu id .  O n l y  t h e  s m a l l e r  a n d  m o r e  f u l l y  

d i g e s t e d  p a r t i c l e s  o f  o r g a n i c  m a t t e r  p a s s  t h r o u g h  t h e  r e t i c u l o - o m a s a l  o r i f i c e  ( W e l l e r ,  

P i l g r i m  &  G r a y ,  1 9 6 2 ) .  M ic r o - o r g a n i s m s  a r e  s w e p t  a l o n g  w i t h  t h e  d i g e s t a  s o  t h a t  t h e  

r a t e  o f  f l o w  t h r o u g h  t h e  r e t i c u l o - o m a s a l  o r i f i c e  p l a y s  a n  i m p o r t a n t  p a r t  i n  r e g u l a t i n g  

t h e i r  n u m b e r s .  T h o s e  e a t e n  b y  c h a n c e  w i t h  t h e  f o o d  b u t  u n a b l e  t o  m u l t i p l y  r a p i d l y  

i n  t h e  r u m e n  a r e  m o s t  a f f e c t e d  ( s e e  p .  2 9 3 ) .

T h e  f a c t o r s  t h a t  i n f l u e n c e  t h e  r e t e n t i o n  o f  p a r t i c l e s  i n  t h e  r u m e n  h a v e  b e e n  

r e v i e w e d  b y  B a l c h  ( 1 9 6 1 )  a n d  b y  B a l c h  & C a m p l in g  ( 1 9 6 2 ) .  T h e s e  i n c l u d e  t h e  r a t e  o f  

d i g e s t i o n  a n d  t h e  e f f e c t  o f  u r e a  i n f u s i o n s ,  t h e  a m o u n t  f e d ,  t h e  e f f e c t  o f  g r i n d i n g  t h e  

f o o d  a n d  t h e  r e d u c t i o n  o f  p a r t i c l e  s i z e  b y  c h e w i n g  d u r in g  f e e d i n g  a n d  r u m i n a t i o n ,  

t h e  s p e c i f i c  g r a v i t y  o f  t h e  p a r t i c l e s ,  a n d  t h e  m o v e m e n t s  o f  t h e  r u m e n ,  r e t i c u l u m  a n d  

r e t i c u l o - o m a s a l  o r i f i c e .  T h e s e  w i l l  n o t  b e  c o n s i d e r e d  f u r t h e r  h e r e .

T h e  o u t f l o w  o f  f lu id  f r o m  t h e  r u m e n  h a s  b e e n  r e v i e w e d  b y  H y d e n  ( 1 9 6 1 a )  w h o  

u s e d  p o l y e t h y l e n e  g l y c o l ,  w h i c h  i s  s o l u b l e ,  i n d i g e s t i b l e  a n d  u n a b s o r b e d ,  a s  a  r e f e r e n c e  

s u b s t a n c e .  T h e  t h e o r y  o f  t h i s  t e c h n i q u e  i s  e x a m i n e d  m o r e  f u l l y  i n  a  l a t e r  p a p e r  

( H y d e n ,  1 9 6 1  h). I n  s h e e p  o f  a b o u t  5 0  k g ,  r e c e i v i n g  h a y  o r  h a y ,  b e e t  a n d  c o n c e n t r a t e s  

a d  l ib i t u m ,  t h e  v o l u m e  o f  f l u i d  i n  t h e  r u m e n  a v e r a g e d  a b o u t  4 -5  1 b u t  w a s  q u i t e
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v a r i a b l e .  T h e  o u t f l o w  w a s  a b o u t  3 0 0  m l / h ,  o r  7 -2  1 /2 4  h ,  c o r r e s p o n d i n g  t o  6 %  o f  t h e  

r u m e n  c o n t e n t s  h o u r l y .  I n  f a s t i n g  s h e e p  t h e  f l o w  f e l l  a f t e r  2 - 3  d a y s  t o  a b o u t  o n e -  

t h i r d  o f  i t s  i n i t i a l  r a t e  a l t h o u g h  t h e r e  w a s  l i t t l e  c h a n g e  i n  t h e  v o l u m e  o f  f l u i d  i n  t h e  

r u m e n .  T h i s  i s  r a t h e r  u n e x p e c t e d  s i n c e  t h e  r u m e n  c o n t e n t s  b e c o m e  m u c h  m o r e  f lu id  

d u r in g  f a s t i n g .  T h e  f lo w  r a t e s  a g r e e  r e a s o n a b l y  w e l l  w i t h  e a r l i e r  e s t i m a t e s  o n  s h e e p  

( B u l l e n ,  S c a r i s b r ic k  & M a d d o c k ,  1 9 5 3 ;  M c D o n a l d ,  1 9 5 8 ) .  M u r r a y ,  R e i d  & S u t h e r l a n d

( 1 9 6 2 )  f o u n d  t h e  r u m e n  o u t f l o w  o f  s h e e p  w e i g h i n g  5 5  k g  w a s  a b o u t  6  k g / 2 4  h  w h e n  

1 k g  o f  f o o d  w a s  g i v e n  a s  t w o  m e a l s  d a i l y ,  b u t  w a s  m u c h  l e s s  w h e n  t h e  f o o d  w a s  g i v e n  

c o n t i n u o u s l y  o v e r  t h e  2 4  h .  T h e  v o l u m e  o f  r u m e n  f l u i d  i n  a  5 3 0  k g  c o w  f e d  o n  h a y  

w a s  a b o u t  5 0  1 a n d  t h e  o u t f l o w  1 5 0 - 1 7 0  1 /2 4  h ,  a  s u r p r i s i n g l y  h i g h  r a t e  ( H y d e n ,  1 9 6 1  a ) .

I t  h a s  n o t  y e t  p r o v e d  p o s s i b l e  t o  c o l l e c t  t h e  m a t e r i a l  f l o w i n g  t h r o u g h  t h e  r e t i c u l o -  

o m a s a l  o r i f i c e  b u t  d i r e c t  m e a s u r e m e n t s  h a v e  b e e n  m a d e  o n  t h e  o m a s a !  o u t f l o w .  T h e  

a b s o r p t i o n  o f  w a t e r  b y  t h e  o m a s u m  ( G r a y  et a l .  1 9 5 4 ;  O y a e r t  & B o u c k a e r t ,  1 9 6 1 )  w i l l  

c a u s e  t h e  o m a s a l  o u t f l o w  t o  b e  l e s s  t h a n  t h e  r u m i n a l  o u t f l o w ,  b u t  t h e  p a t t e r n  o f  f l o w  

w i l l  p r o b a b l y  b e  m u c h  t h e  s a m e  s i n c e  t h e  o m a s u m  h a s  l i t t l e  h o l d i n g  c a p a c i t y .  O y a e r t  

& B o u c k a e r t  ( 1 9 6 1 )  u s e d  a  f u n n e l  p l a c e d  i n  t h e  p r o x i m a l  a b o m a s u m  a n d  f i t t e d  w i t h  

a  s i d e - a r m  t h r o u g h  w h i c h  t h e  o m a s a l  o u t f l o w  c o u l d  b e  d i v e r t e d  t o  t h e  e x t e r i o r  a t  

w i l l .  T h e y  r e p o r t  a v e r a g e  h o u r l y  f l o w s  o f  4 4 2 - 8 1 0  m l  in  s h e e p .  T h e s e  s e e m  r a t h e r  h i g h  

c o m p a r e d  w i t h  m e a s u r e m e n t s  o f  o u t f l o w  f r o m  t h e  r u m e n  a n d  i t  i s  p r o b a b l e  t h a t  t h e  

f l o w  w a s  e x c e s s i v e  d u e  t o  f a i lu r e  t o  r e t u r n  t h e  c o l l e c t e d  m a t e r ia l  t o  t h e  a b o m a s u m .  

A s h  ( 1 9 6 2 a )  m e a s u r e d  t h e  f l o w  t h r o u g h  a b o m a s a l  r e - e n t r a n t  c a n n u l a e  p l a c e d  i m m e d i 

a t e l y  b e n e a t h  t h e  o m a s o - a b o m a s a l  o r i f i c e ,  r e t u r n i n g  t h e  d i g e s t a  t o  t h e  d i s t a l  c a n n u l a  

f r e q u e n t l y  a n d  i n  s m a l l  v o l u m e s .  T h e  f lo w  w a s  g r e a t l y  i n c r e a s e d  b y  a d d i n g  2 - 5 - 4  1 o f  

r u m e n  c o n t e n t s  t o  t h e  r u m e n  a n d  w a s  u s u a l l y  i n c r e a s e d  b y  f e e d i n g .  I t  w a s  d o u b le d  

b y  f a i lu r e  t o  p o u r  t h e  c o l l e c t e d  d i g e s t a  b a c k  i n t o  t h e  a b o m a s u m  a n d  w a s  r e d u c e d  

w h e n  e x t r a  m a t e r i a l  w a s  p o u r e d  in .

F r e q u e n c y  o f  f e e d in g

R a t s  t h a t  a r e  f e d  a t  i n t e r v a l s  o f  2  o r  3  d a y s  r e s e m b l e  w i l d  r a t s  i n  t h a t  t h e i r  g u t  i s  

l a r g e r  t h a n  t h a t  o f  f r e q u e n t l y  f e d  r a t s ,  a l l o w i n g  t h e m  t o  e a t  m o r e  a t  a  m e a l ,  a n d  

e n z y m i c  a c t i v i t y  a n d  t i s s u e  o x i d a t i o n  r a t e s  a r e  h ig h e r ,  e n a b l i n g  t h e m  t o  d e a l  w i t h  

t h e  h e a v y  i f  i n t e r m i t t e n t  s u p p l i e s  o f  n u t r i e n t s  ( F a b r y ,  P e t r a s e k ,  K u j a l o v a  &  

H o l e c k o v a ,  1 9 6 2 ) .  S u c h  a d a p t a t i o n s ,  h o w e v e r ,  m e a n  t h a t  f o o d  i s  n o t  u t i l i z e d  a s  

e f f i c i e n t l y  a s  w h e n  i t  i s  g i v e n  a s  f r e q u e n t  s m a l l  m e a l s .  I n  t h e  c a s e  o f  p r o t e i n ,  f o r  

e x a m p l e ,  f r e q u e n t  f e e d i n g  a l l o w s  a  m o r e  e v e n  r a t e  o f  a b s o r p t i o n  o f  a m i n o  a c i d s  w h i c h  

e n s u r e s  t h a t  l e s s  a m i n o  a c i d  i s  d e a m i n a t e d  a n d  o x i d i z e d  o r  s t o r e d  a s  f a t .

O n e  w o u l d  n o t  e x p e c t  f r e q u e n t  f e e d i n g  t o  b e  a s  i m p o r t a n t  t o  r u m i n a n t s ,  s i n c e  s l o w  

f e r m e n t a t i o n  o f  o r g a n ic  m a t t e r  h e l d  in  t h e  r u m e n  r e s e r v o ir  f r e e s  n u t r i e n t s  f o r  a b s o r p 

t i o n  c o n t i n u o u s l y  b e t w e e n  m e a l s .  N e v e r t h e l e s s ,  m o s t  e x p e r i m e n t s ,  t h e  n e g a t i v e  

r e s u l t s  o f  R h o d e s  & W o o d s  ( 1 9 6 2 )  b e i n g  a n  e x c e p t i o n ,  s h o w  t h a t  s h e e p  a n d  c a t t l e  

b e n e f i t  s u b s t a n t i a l l y .  Y o u n g  a n i m a l s  e s p e c i a l l y  s h o w  i m p r o v e d  w e i g h t  g a i n s ,  n i t r o g e n  

r e t e n t i o n ,  a n d  d e c r e a s e d  h e a t  l o s s e s  w h e n  a  s t a n d a r d  r a t i o n  i s  d i v i d e d  i n t o  m a n y  

m e a l s  i n s t e a d  o f  b e i n g  f e d  a l l  a t  o n c e  ( e .g .  R a k e s ,  L i s t e r  &  R e i d ,  1 9 6 1 ) .  S u t h e r l a n d  

( 1 9 6 2 ,  p e r s .  c o m m .)  h a s  f o u n d  t h a t  t h e  v o . u m e ,  c o m p o s i t i o n  a n d  o n w a r d  f lo w  o f  

r u m e n  c o n t e n t s  f l u c t u a t e  v e r y  m u c h  l e s s  w h e n  s h e e p  a r e  f e d  s l o w l y  a n d  c o n t i n u o u s l y  

i n s t e a d  o f  t w i c e  d a i l y .  T h e  m a i n  a d v a n t a g e  o f  f r e q u e n t  f e e d i n g  s e e m s  t o  b e  t h a t  f a t t y
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a c id s  a r e  p r o d u c e d  a n d  a b s o r b e d  m o r e  s t e a d i l y  s o  t h a t  l e s s  a r e  o x i d i z e d  a n d  w a s t e f u l l y  

d i s s i p a t e d  a s  h e a t .

A  s t i l l  c l e a r e r  e x a m p l e  o f  t h e  d i s a d v a n t a g e s  o f  o v e r - r a p i d  f e r m e n t a t i o n  i s  p r o v i d e d  

b y  t h e  f a t e  o f  u r e a .  I f  a  u r e a  s u p p l e m e n t  i s  g i v e n  i n t o  t h e  r u m e n  a s  a  d r e n c h  a m m o n i a  

i s  s w i f t l y  e v o l v e d  w i t h  t o x i c  c o n s e q u e n c e s  ( s e e  p .  2 8 0 )  a n d  m o s t  o f  t h e  n i t r o g e n  i s  

e x c r e t e d  in  t h e  u r in e .  I f  i t  i s  g i v e n  m i x e d  w i t h  f o o d ,  o r  b y  c o n t i n u o u s  i n f u s i o n ,  

a m m o n i a  i s  r e l e a s e d  m o r e  s l o w l y  a n d  m o r e  i s  i n c o r p o r a t e d  i n t o  m i c r o b i a l  p r o t e i n  a n d  

s o  m a d e  u s e f u l l y  a v a i l a b l e  t o  t h e  a n i m a l  ( R e i d ,  1 9 5 3 ;  C o o m b e ,  T r ib e  &  M o r r is o n ,  

1 9 6 0 ;  C a m p l in g  et a l .  1 9 6 2 ) .

T h e  f e e d i n g  r o u t i n e  a d o p t e d  b y  r u m i n a n t s  a t  p a s t u r e  m a y  a l s o  i n f l u e n c e  h o w  

e f f i c i e n t l y  t h e y  u t i l i z e  t h e i r  f o o d .  D i u r n a l  v a r i a t i o n s  i n  m i c r o b i a l  a c t i v i t y  a r e  c o n 

s i d e r e d  in  P a r t  2 , p .  2 9 2 .

F o o d  s e le c t io n

T h e  q u a l i t y  o f  t h e  f o o d  c o n s u m e d  b y  g r a z i n g  a n i m a l s  d e p e n d s  o n  w h a t  t h e y  c h o o s e  

t o  e a t  a s  w e l l  a s  o n  t h e  n a t u r e  o f  t h e  p a s t u r e  ( s e e  A r n o l d ,  1 9 6 0 ,  f o r  e x a m p l e ) .  M a n y  

w i l d  r u m i n a n t s  i n  N o r t h  A m e r i c a  p r e f e r  b r o w s in g  o n  t r e e s  a n d  s h r u b s  t o  g r a z i n g  

g r a s s e s  a n d  h e r b s  ( M a r t in ,  Z im  & N e l s o n ,  1 9 5 1 )  a n d  t h i s  s e r v e s  a s  a  u s e f u l  r e m i n d e r  

t h a t  p a s t u r e  p l a n t s  f o r m  a  r a t h e r  a r t i f i c i a l  d i e t  f o r  d o m e s t i c a t e d  r u m i n a n t s .  R e c e n t l y  

C o r b e t t  ( 1 9 6 1 )  h a s  a g a i n  r a i s e d  t h e  q u e s t i o n  o f  h o w  f a r  p a l a t a b i l i t y  i n f l u e n c e s  t h e  

s e l e c t i o n  o f  d i e t .  T h e  u s e  o f  s h e e p  w i t h  o e s o p h a g e a l  f i s t u l a e  h a s  a d v a n c e d  t h e  s t u d y  

o f  p a s t u r e  i n t a k e  b y  e n a b l i n g  o n e  t o  f i n d  o u t  w h a t  i s  e a t e n  r a t h e r  t h a n  w h a t  i s  l e f t  

( W e ir  & T o r e l l ,  1 9 5 9 ;  E d l e f s e n ,  C o o k  & B l a k e ,  1 9 6 0 ) .

D e s p i t e  t h e  w e a l t h  o f  p h y s i o l o g i c a l  m e c h a n i s m s  t h a t  i n f l u e n c e  f o o d  i n t a k e ,  w h a t  

i s  e a t e n  i s  o f t e n  l i m i t e d  i n  p r a c t i c e  b y  w h a t  i s  a v a i l a b l e .  V e r c o e ,  T r ib e  &  P e a r c e  ( 1 9 6 1 )  

h a v e  s h o w n  t h a t  u n d e r  A u s t r a l i a n  c o n d i t i o n s  t h e  a m o u n t s  o f  d i g e s t i b l e  o r g a n ic  m a t t e r  

a n d  n i t r o g e n  e a t e n  b y  s h e e p  v a r y  e n o r m o u s l y  w i t h  s e a s o n a l  c h a n g e s  i n  t h e  p a s t u r e ,  

a n d  t h i s  i s  r e f l e c t e d  b y  s e a s o n a l  c h a n g e s  i n  t h e  m i c r o b i a l  p o p u l a t i o n  o f  t h e  r u m e n  

(M o ir , 1 9 5 1 ) .

GAS IN  THE R U M E N

E n o r m o u s  v o l u m e s  o f  g a s  a r e  p r o d u c e d  i n  t h e  r u m e n .  T h e  r a t e  o f  p r o d u c t i o n  h a s  

b e e n  m e a s u r e d  b o t h  b y  d r a w i n g  o f f  g a s  f r o m  a  r u m e n  f i s t u l a  a n d  b y  u s e  o f  a  f a c e  

m a s k  a n d  t r a c h e a l  f i s t u l a  ( C o lv in ,  W h e a t ,  R h o d e  & B o d a ,  1 9 5 7 )  a n d  b o t h  m e t h o d s  

g a v e  r a t e s  o f  a b o u t  3 0  1 /h  f r o m  c a t t l e  o n  a  d i e t  o f  a l f a l f a .  M c A r t h u r  & M i l t im o r e  

( 1 9 6 1 )  d e s c r i b e d  a  t e c h n i q u e  t h a t  a l l o w s  a  r a p i d  a n d  c o m p r e h e n s i v e  a n a l y s i s  t o  b e  

m a d e  b y  g a s - s o l i d  c h r o m a t o g r a p h y  o n  s i n g l e  s m a l l  s a m p l e s  o f  g a s .  I n  a g r e e m e n t  

w i t h  e a r l i e r  w o r k  t h e y  f o u n d  r u m e n  g a s  t o  c o n t a i n  a b o u t  6 5  %  C 0 2 , 2 7  %  C H 4 , 

7 %  N a , 0 -6  %  0 2, 0 -2  %  H 2 a n d  0 -0 1  %  H 2S .
T h e  C 0 2 i s  p r o d u c e d  b y  b a c t e r i a l  m e t a b o l i s m  a n d  b y  r e l e a s e  f r o m  s a l i v a r y  b i c a r b o 

n a t e .  T h e  r e l a t i v e  i m p o r t a n c e  o f  t h e s e  t w o  s o u r c e s  d e p e n d s  p a r t l y  o n  t h e  d i e t  a n d  

p a r t l y  o n  t h e  p H  o f  t h e  r u m e n ,  f o r  a s  C o le ,  H u f f m a n ,  K l e i b e r ,  O l s o n  & S c h a l k  ( 1 9 4 5 )  

h a v e  p o i n t e d  o u t ,  s a l i v a  t h a t  i s  s e c r e t e d  a t  p H  8  i n  e q u i l i b r iu m  w i t h  6  %  C 0 2 w i l l  

t e n d  t o  a b s o r b  C 0 2 w h e n  e x p o s e d  t o  7 0 %  C 0 2 i n  t h e  r u m e n  u n t i l  i t s  p H  i s  r e d u c e d  

b e l o w  a b o u t  6 -9 .  T h e  C H 4 , H 2 a n d  H 2S  r e p r e s e n t  e n d  p r o d u c t s  o f  r e d u c t i v e  b a c t e r i a l  

m e t a b o l i s m ,  a n d  t h e  N 2 a n d  0 2 a r e  e i t h e r  s w a l l o w e d  w i t h  t h e  f o o d  o r  d i f f u s e  i n t o  t h e  

r u m e n  f r o m  t h e  b l o o d .  A l m o s t  c o m p l e t e  a n a e r o b i o s i s  a n d  a  l o w  r e d o x  p o t e n t i a l  a r e
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m a i n t a i n e d  i n  t h e  r u m e n  a s  a  r e s u l t  o f  r a p i d  u t i l i z a t i o n  o f  a n y  o x y g e n  t h a t  i s  a d d e d  

d u r in g  f e e d i n g  o r  r u m i n a t i o n  ( B r o b e r g ,  1 9 5 8 ) ,  a n d  t h e  E h  i s  r e l a t e d  l i n e a r l y  t o  t h e  p H  

a n d  s o  t o  t h e  r a t e  o f  b a c t e r i a l  m e t a b o l i s m  ( B a l d w i n  & E m e r y ,  1 9 5 9 ) .

P a r t  o f  t h e  C 0 2 p r o d u c e d  i s  a b s o r b e d  t h r o u g h  t h e  r u m e n  e p i t h e l i u m  a n d  e x h a l e d  

b y  t h e  l u n g s .  T h e  a m o u n t  a b s o r b e d  d e p e n d s  o n  t h e  C 0 2 t e n s i o n  i n  t h e  r u m e n .  I n  

a n a e s t h e t i z e d  s h e e p  C 0 2 d i f f u s e s  f r e e l y  a c r o s s  t h e  r u m e n  e p i t h e l i u m  a n d  a c c u m u l a t e s  

i n  s a l i n e  s o l u t i o n s  p l a c e d  i n  t h e  r u m e n  ( A s h  &  D o b s o n ,  1 9 6 3 ) ,  b u t  s i n c e  t h e  C 0 2 

t e n s i o n  i n  n o r m a l  r u m e n  c o n t e n t s  i s  a b o u t  t a n  t i m e s  t h a t  i n  t h e  b l o o d  t h e  n e t  m o v e 

m e n t  o f  C 0 2 w i l l  b e  f r o m  r u m e n  t o  b l o o d .  P a r t  o f  t h e  m e t h a n e  p r o d u c e d  i s  a l s o  

a b s o r b e d  f r o m  t h e  r u m e n  a n d  e x h a l e d  ( C r e s s w e l l ,  1 9 6 0 ;  W a l d o  &  H o e r n i c k e ,  1 9 6 1 ) .

G a s  t h a t  i s  n o t  a b s o r b e d  i s  d i s c h a r g e d  f r o m  t h e  r u m e n  b y  b e l c h i n g .  N o t  a l l  o f  t h i s  

i s  c o m p l e t e l y  e x p e l l e d  f o r  t h e  g l o t t i s  r e m a i n s  o p e n  d u r in g  b e l c h i n g  ( C o lv in  et a l .  1 9 5 7 ;  

D o u g h e r t y ,  H i l l , C a m p e t i ,  M c C lu r e  &  H a b e l ,  1 9 6 2 )  a n d  t h e  h i g h  o e s o p h a g e a l  p r e s s u r e  

c a u s e s  s o m e  o f  t h e  g a s  t o  p e n e t r a t e  i n t o  t h e  l u n g s  w h e r e  i t  i s  a b s o r b e d  i n  a m o u n t s  

t h a t  m a y  b e  o f  c o n s e q u e n c e  t o  t h e  a n i m a l  ( D o u g h e r t y ,  S t e w a r t ,  N o l d ,  L i n d a h l ,  

M u l l e n a x  & L e e k ,  1 9 6 2 ) .  B e l c h i n g  i s  r e a d i l y  s t i m u l a t e d  b y  d i s t e n s i o n  o f  t h e  r u m e n  

w i t h  g a s  a n d  c a t t l e  c a n  d i s p o s e  o f  1 5 0  1 o f  g a s  i n  h a l f  a n  h o u r  w h e n  t h e  r u m e n  i s  

i n f l a t e d  e x p e r i m e n t a l l y  ( C o le ,  M e a d  &  K l e i b e r ,  1 9 4 2 ) .  T h e  ‘ e r u c t a t i o n  c o n t r a c t i o n ’ 

o f  t h e  r u m e n  a n d  i t s  a s s o c i a t i o n  w i t h  o t h e r  c o n t r a c t i o n s  o f  t h e  r u m e n  h a s  r e c e n t l y  

f c e e n  d e s c r i b e d  b y  R e i d  & C o r n w a l l  ( 1 9 5 9 )  a n d  b y  S t e v e n s  &  S e l l e r s  ( 1 9 5 9 ) .  D o u g h e r t y ,  

H a b e l  & B o n d  ( 1 9 5 8 )  f o u n d  t h a t  i n f l a t i o n  o f  a  p o u c h  m a d e  f r o m  t h e  r e t i c u l u m  a n d  t h e  

c a r d ia c  r e g i o n  o f  t h e  r u m e n  w a s  s u f f i c i e n t  t o  s t i m u l a t e  b e l c h i n g  i n  d e c e r e b r a t e  s h e e p .

B l o a t  o c c u r s  w h e n  t h e  b e l c h i n g  m e c h a n i s m  f a i l s  t o  k e e p  u p  w i t h  t h e  p r o d u c t i o n  o f  

g a s ,  a n d  t h e  s u b j e c t  h a s  b e e n  r e v i e w e d  b y  J o h n s  ( 1 9 5 8 )  a n d  C o le  & B o d a  ( 1 9 6 0 ) .  I t  i s  

a l m o s t  a l w a y s  d u e  t o  b u b b l e s  o f  g a s  b e c o m i n g  t r a p p e d  i n  a  s t a b l e  f r o t h  w h i c h  i n 

h i b i t s  t h e  b e l c h i n g  r e f l e x .  C o n s e q u e n t l y ,  a l t h o u g h  i t  c a n  b e  p r e v e n t e d  b y  d e p r e s s i n g  

g a s  p r o d u c t i o n  w i t h  a n t i b i o t i c s ,  i t  i s  n o t  n e c e s s a r i l y  a s s o c i a t e d  w i t h  d i e t s  t h a t  g i v e  

r i s e  t o  t h e  g r e a t e s t  v o l u m e s  o f  g a s .  I t  i s  u n c e r t a i n  w h y  f r o t h  f o r m a t i o n  s o m e t i m e s  

o c c u r s  i n  t h e  r u m e n ,  o r  w h y  s o m e  a n i m a l s  a r e  m o r e  p r o n e  t o  t h i s  c o n d i t i o n  t h a n  

o t h e r s .  P l a n t  s a p o n i n s  ( F e r g u s o n  & T e r r y ,  1 9 5 5 ;  M a n g a n ,  1 9 5 9 ) ,  p e c t i n s  a n d  h e m i -  

c e l l u l o s e s  ( H e a d ,  1 9 5 9 ) ,  p r o t e i n s  ( M a n g a n ,  1 9 5 9 ;  B a r t l e y  & B a s s e t t e  1 9 6 1 ) ,  a n d  

b a c t e r i a l  s l i m e  ( H u n g a t e ,  F l e t c h e r ,  D o u g h e r t y  & B a r r e n t i n e ,  1 9 5 5 ;  G u t i e r r e z ,  D a v i s  

& L i n d a h l ,  1 9 5 8 )  f o r m  s t a b l e  f r o t h s  a t  v a r i o u s  p H  v a l u e s ,  o r  a r e  f o u n d  i n  r u m e n  f r o t h ,  

a n d  a l l  h a v e  b e e n  s u p p o s e d  t o  b e  a t  l e a s t  p a r t l y  r e s p o n s i b l e  f o r  v a r i o u s  f o r m s  o f  b l o a t .

S a l i v a  h a s  b e e n  c l a i m e d  t o  b e  a n  a n i m a l  f a c t o r  i n f l u e n c i n g  b l o a t ,  b u t  a t  p r e s e n t  

o p i n i o n  i s  d i v i d e d  n i c e l y  a s  t o  w h e t h e r  i t  m a y  p r e v e n t  b l o a t  o r  b e  i t s  c a u s e .  W e i s s

( 1 9 5 3 )  f i r s t  s u g g e s t e d  t h a t  i n c r e a s e d  s a l i v a t i o n  w o u l d  a l l e v i a t e  b l o a t  b y  r e d u c i n g  t h e  

v i s c o s i t y  o f  t h e  r u m e n  c o n t e n d s .  J o h n s  ( 1 9 5 8 )  c o u n t e r e d  w i t h  t h e  s u g g e s t i o n  t h a t  

s a l i v a r y  b i c a r b o n a t e  m i g h t  a d d  t o  t h e  g a s  r e l e a s e d  i n  t h e  r u m e n  a n d  t h a t  s a l i v a r y  

m u c u s  m i g h t  i n c r e a s e  t h e  f r o t h i n e s s  o f  t h e  c o n t e n t s .  T h i s  w a s  s u p p o r t e d  b y  w o r k  

d e m o n s t r a t i n g  t h e  f o r m a t i o n  o f  s t a b l e  f r o t h s  b y  s a l i v a r y  m u c i n s  ( M a n g a n ,  1 9 5 9 )  a n d  

t h e  p r e s e n c e  o f  c e r t a i n  m u c o - p r o t e i n s  ( L y t t l e t o n ,  1 9 6 0 )  i n  h i g h e r  c o n c e n t r a t i o n s  in  

t h e  s a l i v a  o f  a n i m a l s  p r o n e  t o  b l o a t  t h a n  i n  n o n - b l o a t e r s .  I n  a n a e s t h e t i z e d  a n i m a l s  

s l i g h t  r i s e s  i n  r u m e n  p l u s  o e s o p h a g e a l  p r e s s u r e  w e r e  s h o w n  t o  s t i m u l a t e  s a l i v a r y  

s e c r e t i o n s  ( P h i l l i p s o n  & R e i d ,  1 9 5 8 ) .  T h i s  r e s p o n s e  w a s  d u e  t o  d i s t e n s i o n  o f  t h e  

o e s o p h a g u s  a n d  w a s  i n h i b i t e d  b y  h i g h  p r e s s u r e s  i n  t h e  r u m e n  c o r r e s p o n d i n g  t o
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m o d e r a t e  o r  s e v e r e  b l o a t  ( K a y  & P h i l l i p s o n ,  1 9 5 9 )  s o  t h a t  s t i m u l a t i o n  o f  s a l i v a t i o n  

c o u l d  o n l y  o c c u r  i n  m i ld  b l o a t ,  a n d  t h e n  o n l y  i f  t h e  c a r d ia c  s p h i n c t e r  r e l a x e d  s u f f i c i e n t l y  

t o  a l l o w  f r o t h  t o  e n t e r  t h e  o e s o p h a g u s .  M o r e  r e c e n t l y  t h e  r o l e  o f  s a l i v a  h a s  b e e n  a g a i n  

r e v e r s e d  b y  V a n  H o r n  & B a r t l e y  ( 1 9 6 1 )  a n d  B a r t l e y  & P i n a  ( 1 9 6 1 )  w h o  s h o w e d  t h a t  

m u c i n s  f r o m  s a l i v a  a n d  o t h e r  s o u r c e s  r e l e a s e  g a s  f r o m  f r o t h i n g  r u m e n  c o n t e n t s  a n d  

d e l a y  t h e  o n s e t  o f  b l o a t ,  w h i l e  m u c i n o l y t i c  o r g a n i s m s  e n c o u r a g e  b l o a t .

T h e  s u r f a c e  t e n s i o n  o f  s a l i v a  i s  a r o u n d  4 7  d y n e s / c m ,  c o m p a r e d  w i t h  7 1  d y n e s / c m  

f o r  w a t e r .  T h i s  p e r h a p s  i s  o n e  o f  t h e  m a i n  r e a s o n s  f o r  t h e  l o w  s u r f a c e  t e n s i o n  o f  

r u m e n  f l u i d  ( R e i d  &  H u f f m a n ,  1 9 4 9 ;  B l a k e ,  A l l e n  & J a c o b s o n ,  1 9 5 7 )  a n d  s o  m a y  h e lp  

t o  c o n t r o l  t h e  f r o t h i n g  o f  n o r m a l  r u m e n  c o n t e n t s .  P l a n t  l i p i d s  m a y  a l s o  b e  i m p o r t a n t  

n a t u r a l  a n t i f r o t h i n g  a g e n t s  ( F r a s e r ,  1 9 6 1 ) .  T h e  l o w  s u r f a c e  t e n s i o n  o f  s a l i v a  a n d  

r u m e n  f l u i d  m a y  h a v e  o t h e r  i m p o r t a n t  e f f e c t s  s u c h  a s  t h e  p r o m o t i o n  o f  r a p i d  w e t t i n g  

a n d  d i g e s t i o n  o f  f o o d  ( B a i l e y ,  1 9 6 2 )  a n d  e m u l s i f i c a t i o n  o f  f a t s  ( H o b s o n  &  M a n n ,  

1 9 6 1 6 ) ,  a n d  i t  m a y  a l s o  l i m i t  o r  e n c o u r a g e  b a c t e r i a l  g r o w t h  a n d  a c t i v i t y ,  a s  w a s  

s u g g e s t e d  b y  R e i d  & H u f f m a n  ( 1 9 4 9 ) .  I n  a d d i t i o n  s a l i v a r y  m u c i n  h a s  b e e n  s h o w n  t o  

s t i m u l a t e  t h e  g r o w t h  o f  b a c t e r i a l  c u l t u r e s  i n  v i t r o  ( G o r d o n  &  M o o r e ,  1 9 6 1 ) .

P hysio logy  2 7 1

REG ULATIO N OF THE VO LUM E, COMPOSITION A N D  p H  OF THE R U M E N  FL U ID

T h e  c o n s u m p t i o n  o f  w a t e r  a n d  s a l t s  a n d  t h e  s e c r e t i o n  o f  s a l i v a  n o r m a l l y  m a i n t a i n  

t h e  v o l u m e  o f  r u m e n  f l u i d  a n d  t h e  f l o w  o f  d i g e s t a  o n w a r d  f r o m  t h e  r u m e n .  I n  a d d i 

t i o n ,  t o g e t h e r  w i t h  a b s o r p t i v e  m e c h a n i s m s ,  t h e y  c o u n t e r - b a l a n c e  t h e  e f f e c t s  o f  

m i c r o b i a l  m e t a b o l i s m  s o  a s  t o  k e e p  t h e  p H ,  s o l u t e  c o n c e n t r a t i o n s  a n d  o s m o t i c  

p r e s s u r e  o f  t h e  r u m e n  f l u i d  w i t h i n  t h e  f a i r l y  w i d e  l i m i t s  f a v o u r a b l e  t o  n o r m a l  r u m e n  

f u n c t i o n .  T h e  m e c h a n i s m s  r e g u l a t i n g  w a t e r  a n d  s a l t  i n t a k e  a n d  s a l i v a r y  s e c r e t i o n  

w i l l  b e  c o n s i d e r e d  f i r s t .

W a t e r  in t a k e

T h e  w a t e r  e c o n o m y  o f  f a r m  a n i m a l s  h a s  b e e n  r e v i e w e d  b y  L e i t c h  & T h o m p s o n

( 1 9 4 4 ) .  W a t e r  i n t a k e  b y  c a t t l e  d e p e n d s  o n  a  n u m b e r  o f  f a c t o r s  s u c h  a s  e n v i r o n m e n t a l  

t e m p e r a t u r e ,  t h e  r e q u i r e m e n t s  o f  g r o w t h ,  p r e g n a n c y  a n d  l a c t a t i o n ,  a n d  f o o d  i n t a k e .  

F o r  e v e r y  k i l o g r a m  o f  d r y  m a t t e r  e a t e n  r o u g h l y  2 - 4  k g  o f  w a t e r  a r e  d r u n k .  W h e n  t h e  

a m o u n t  o f  w a t e r  s u p p l i e d  i s  r e s t r i c t e d  ( B a l c h ,  B a l c h ,  J o h n s o n  & T u r n e r ,  1 9 5 3 ;  

P h i l l i p s ,  1 9 6 1 6 ;  W i l s o n ,  1 9 6 3 6 ,  c )  o r  w a t e r  i s  p r o v i d e d  o n l y  a t  4 8  o r  7 2  h  i n t e r v a l s  

( F r e n c h ,  1 9 5 6 )  t h e  f o o d  i n t a k e  f a l l s .  B a l c h  et a l .  ( 1 9 5 3 )  r e s t r i c t e d  t h e  w a t e r  i n t a k e  o f  

a  f i s t u l a t e d  c o w  t o  7 0  %  o f  h e r  n o r m a l  i n t a k e .  A f t e r  a  w e e k  o f  a d j u s t m e n t  t o  t h e  

n e w  r é g i m e ,  t h e  w e i g h t  o f  t h e  r u m e n  c o n t e n t s  f e l l  t o  a b o u t  t h e  s a m e  e x t e n t  a s  t h e  

f o o d  i n t a k e  a n d  b o t h  t h e  r a t i o  o f  w a t e r  t o  d r y  m a t t e r  i n  t h e  r u m e n  a n d  t h e  d i g e s t i 

b i l i t y  o f  t h e  f o o d  w e r e  m o r e  o r  l e s s  m a i n t a i n e d .  P h i l l i p s  ( 1 9 6 1 6 )  c o m p a r e d  t h e  

r e a c t i o n  o f  z e b u  a n d  H e r e f o r d  s t e e r s  t o  a  5 0  %  r e d u c t i o n  i n  w a t e r  i n t a k e  a n d  s h o w e d  

t h a t  t h e  s l i g h t  f a l l  i n  t h e  i n t a k e  o f  f o o d  w a s  a c c o m p a n i e d  b y  in c r e a s e s  i n  t h e  t i m e  i t  

w a s  r e t a i n e d  i n  t h e  g u t  a n d  i n  i t s  d i g e s t i b i l i t y .  T h e  p e r c e n t a g e  o f  d r y  m a t t e r  i n  t h e  

r u m e n  c o n t e n t s  w a s  l i t t l e  a l t e r e d  a n d  n o  c o n s i s t e n t  c h a n g e s  i n  r u m e n  f e r m e n t a t i o n  

r a t e s  w e r e  n o t e d .  T h e  z e b u s  w e r e  l e s s  a f f e c t e d  t h a n  t h e  H e r e f o r d s  a n d  g e n e r a l l y  

s e e m e d  t o  b e  b e t t e r  a d a p t e d  t o  l o w  w a t e r  i n t a k e s ,  p o s s i b l y  a s  a  r e s u l t  o f  g r e a t e r  

s a l i v a r y  s e c r e t i o n .  D e s p i t e  t h e  c l e a r  c o n n e c t i o n  b e t w e e n  f o o d  i n t a k e  a n d  w a t e r  c o n 

s u m p t i o n  t h e  f l u i d i t y  o f  t h e  r u m e n  c o n t e n t s  p r o b a b l y  d e p e n d s  m o r e  o n  t h e  f a i r l y



c o n s t a n t  r e l a t i o n s h i p  o f  s a l i v a  s e c r e t i o n  t o  d r y - m a t t e r  i n t a k e  ( s e e  p .  2 7 5 ) .  B a l c h  

( 1 9 5 8 )  f o u n d  t h a t  e v e n  d u r in g  t h e  c o u r s e  o f  a  m e a l ,  w h e n  m o s t  d r i n k i n g  i s  d o n e ,  t h e  

a m o u n t  o f  s a l i v a  s e c r e t e d  w a s  q u i t e  a s  l a r g e  a s  t h e  a m o u n t  o f  w a t e r  d r u n k .  O v e r  t h e  

2 4  h ,  B a i l e y  ( 1 9 6 1 a )  f o u n d  t h e  e s t i m a t e d  v o l u m e  o f  s a l i v a  s e c r e t e d  w a s  a b o u t  t h r e e  

t o  f i v e  t i m e s  g r e a t e r  t h a n  t h e  v o l u m e s  o f  'd ie ta r y  w a t e r  p l u s  d r i n k i n g  w a t e r  c o n 

s u m e d ,  s o  t h a t  t h e  a m o u n t  o f  w a t e r  s u p p l i e d  t o  t h e  r u m e n ,  a n d  i t s  r a t i o  t o  d r y  m a t t e r  

i n t a k e ,  d e p e n d e d  m u c h  m o r e  o n  t h e  d i f f e r e n t  s a l i v a r y  s e c r e t i o n  r a t e s  f o r  e a c h  d i e t  

t h a n  o n  t h e  w a t e r  i n t a k e s .

T h e  d r y n e s s  o f  t h e  f o o d  i n  t h e  m o u t h  s e e m s  t o  b e  o n e  o f  t h e  m a i n  s t i m u l i  t o  

d r i n k i n g ,  f o r  c a t t l e  d r in k  f r e q u e n t l y  w h i l e  e a t i n g  h a y  s o  t h a t  w a t e r  a n d  h a y  c o n 

s u m p t i o n  r u n  i n  p a r a l l e l  ( B a l c h ,  1 9 5 8 ) .  T h e  c o w s  s t u d i e d  b y  B a i l e y  ( 1 9 6 1 a )  t e n d e d  

t o  d r in k  m o r e  o n  d r y  f o o d s  a n d  s i l a g e  t h a n  o n  f r e s h  g r a s s  a n d  m o r e  w a t e r  w a s  c o n 

s u m e d  b y  c a t t l e  e a t i n g  c u t  g r a s s  w h e n  t h e  g r a s s  m a t u r e d  a n d  i n c r e a s e d  i n  d r y  m a t t e r  

c o n t e n t  ( H a l l e y  & D o u g a l l ,  1 9 6 2 ) .  T h e  o s m o t i c  p r e s s u r e  o f  t h e  b l o o d  i s  a l s o  i m p o r t a n t .  

B e i l h a r z  & K a y  ( 1 9 6 3 )  f o u n d  t h a t  s h e e p  b e c a m e  v e r y  t h i r s t y  w h e n  t h e y  w e r e  g i v e n  

i n t r a v e n o u s  i n j e c t i o n s  o f  h y p e r t o n i c  N a C l  s o l u t i o n s ,  b u t  n o t  w h e n  g i v e n  h y p e r t o n i c  

g l u c o s e  s o l u t i o n .  A p p a r e n t l y ,  a s  i n  o t h e r  s p e c i e s ,  t h e  s h e e p ’s  o s m o r e c e p t o r s  r e s p o n d  

s e l e c t i v e l y  t o  s o l u t e s  w h i c h  d o  n o t  p e n e t r a t e  t h e  c e l l  m e m b r a n e  r e a d i l y .  O n  t h e  o t h e r  

h a n d ,  t h e  o s m o t i c  p r e s s u r e  o f  t h e  r u m e n  c o n t e n t s  a p p e a r s  t o  p l a y  n o  p a r t ,  f o r  

B e i l h a r z  & K a y ’s  s h e e p  s h o w e d  n o  s i g n  o f  t h i r s t  w h e n  h y p e r t o n i c  N a H C 0 3 s o l u t i o n s  

w e r e  i n t r o d u c e d  i n t o  t h e  r u m e n .  S h e e p  d e p l e t e d  o f  s o d i u m  b y  l o s s  o f  s a l i v a  c o n t i n u e  

t o  d r in k  w a t e r  a l t h o u g h  t h e  c o n c e n t r a t i o n  o f  s o d i u m  i n  t h e i r  p l a s m a  i s  f a l l i n g  

( B e i lh a r z ,  D e n t o n  & S a b i n e ,  1 9 6 2 ) ,  s o  t h a t  a  p r o b a b l y  l o w  p l a s m a  o s m o t i c  p r e s s u r e  

d o e s  n o t  f u l l y  i n h i b i t  t h i r s t  a n y  m o r e  t h a n  i t  d o e s  i n  m e n  d e p l e t e d  o f  s o d i u m  b y  

s w e a t i n g .

T h i r s t y  s h e e p  ( B e i l h a r z  et a t .  1 9 6 2 ) ,  l i k e  t h i r s t y  d o g s  ( B e l l o w s ,  1 9 3 9 ) ,  d r in k  i n  a  

f e w  m i n u t e s  t h e  a m o u n t  o f  w a t e r  n e e d e d  t o  r e h y d r a t e  t h e m s e l v e s  a n d  t h e n  a p p e a r  

s a t i s f i e d  a l t h o u g h  l i t t l e  w a t e r  c a n  h a v e  b e e n  a b s o r b e d  f r o m  t h e  g u t  i n  t h i s  t i m e .  I n  

d o g s  t e m p o r a r y  s a t i a t i o n  a p p e a r s  t o  b e  g i v e n  b y  p h a r y n g o - o e s o p h a g e a l  r e c e p t o r s  t h a t  

m e t e r  t h e  w a t e r  i n t a k e .  A n d e r s s o n  & M c C a n n  ( 1 9 5 5 )  h a v e  l o c a t e d  a  ‘ d r in k in g -  

c e n t r e ’ i n  t h e  l a t e r a l  h y p o t h a l a m u s  o f  g o a t s  w h o s e  s t i m u l a t i o n  i s  a c c o m p a n i e d  b y  

r a p i d  a n d  c o n t i n u o u s  d r i n k i n g .  S i m i l a r  c e n t r e s  a r e  f o u n d  i n  o t h e r  m a m m a l s  ( A n a n d ,  

1 9 6 1 ) .
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S a l t  in t a k e

M o s t  p l a n t  f o o d s  c o n t a i n  l a r g e  a m o u n t s  o f  p o t a s s i u m  b u t  r a t h e r  l i t t l e  s o d i u m .  

G r e e n  r o u g h a g e s  a n d  g r a i n s  g e n e r a l l y  c o n t a i n  l e s s  t h a n  0 -1  %  o f  s o d i u m  ( 4 0  m -  

e q u i v . / k g  w e t  w e i g h t )  a n d  s o m e  l e s s  t h a n  a  t e n t h  o f  t h i s  a m o u n t ,  a n d  d r y  r o u g h a g e s  

c o n t a i n  f r o m  0 -1  t o  0 - 5 %  s o d i u m  ( 4 0 - 2 0 0  m - e q u i v . / k g )  (M o r r is o n , 1 9 5 6 ) .  I n  a r id  

c o u n t r i e s  t h e r e  m a y  b e  s t i l l  l e s s  s o d i u m  i n  t h e  f o r a g e ;  f o r  e x a m p l e ,  D e n t o n ,  G o d i n g ,  

S a b i n e  & W r i g h t  ( 1 9 6 1 )  q u o t e  s o d i u m  c o n t e n t s  o f  1 - 2 0  m - e q u i v . / k g  f o r  v a r i o u s  d r y  

f o d d e r s  f e d  t o  s t o c k  i n  C e n t r a l  A u s t r a l i a .  T h e  r a t i o  o f  s o d i u m  t o  p o t a s s i u m  i n  t h e  

p l a n t  r e f l e c t s  t h a t  i n  t h e  s o i l  a n d  S t e w a r t  &  H o l m e s  ( 1 9 5 3 )  h a v e  s h o w n  t h a t  t h e  s o d i u m  

y i e l d e d  b y  g r a s s l a n d  i s  p r o g r e s s i v e l y  r e d u c e d  b y  r e p e a t e d  a p p l i c a t i o n  o f  K C 1 .

T h e  w e l l - k n o w n  l i k i n g  f o r  s a l t  s h o w n  b y  c a t t l e  a n d  s h e e p  m a y  b e  r e l a t e d  t o  t h e  

s c a r c i t y  o f  s o d i u m  in  t h e  f o o d .  D e n t o n  a n d  h i s  c o l l e a g u e s  i n  M e lb o u r n e  h a v e  s t u d i e d



t h e  a p p e t i t e  f o r  s o d i u m  i n  s h e e p  u n d e r  a  v a r i e t y  o f  c o n d i t i o n s .  D e n t o n  ( 1 9 5 7  a )  f o u n d  

t h a t  s h e e p  t h a t  a r e  d e p l e t e d  o f  s o d i u m  b y  l o s s  o f  s a l i v a  f r o m  a  p a r o t i d  f i s t u l a  l i c k e d  

l a r g e  a m o u n t s  o f  s o d i u m  o f f  s a l t  b l o c k s .  N o r m a l  s h e e p  w i t h  a d e q u a t e  s o d i u m  i n t a k e s  

s h o w e d  a  l i k i n g  f o r  s o d i u m  s o l u t i o n s ,  e s p e c i a l l y  N a C l ,  c o n s u m i n g  u p  t o  7 0 0  m - e q u i v .  

o f  s o d i u m  d a i l y  ( D e n t o n  & S a b i n e ,  1 9 6 1 ) .  T h e  s h e e p  w e r e  t h e n  d e p l e t e d  o f  s o d i u m  

b y  c o n s t r u c t i o n  o f  'a p a r o t i d  f i s t u l a  a n d  t h e y  i n c r e a s e d  t h e i r  i n t a k e  o f  t h e  s o d i u m  

s o l u t i o n s ,  i f  l o w  p r e v i o u s l y ,  u n t i l  t h e y  a c h i e v e d  s o d i u m  b a l a n c e  a g a i n .  P a r o t i d  

s a l i v a  h a s  a  h i g h  b i c a r b o n a t e  c o n t e n t  a n d  s o  i t  w a s  i n t e r e s t i n g  t o  f i n d  t h a t  a f t e r  

f i s t u l a t i o n  t h e  s h e e p ’s  p r e f e r e n c e  s w i t c h e d  f r o m  N a C l  t o  N a H C 0 3 . T h e  s h e e p  w e r e  

a b l e  t o  b a l a n c e  t h e i r  s o d i u m  d e f i c i t  e v e n  w h e n  t h e  s o l u t i o n  w a s  o f f e r e d  f o r  o n l y  a n  

h o u r  o r  l e s s  d a i l y ,  o r  w h e n  t h e  c o n c e n t r a t i o n  w a s  v a r i e d  o v e r  a n  e i g h t f o l d  r a n g e .  

M o s t  o f  t h e  s o d i u m  c o n s u m e d  w a s  d r u n k  w i t h i n  5 - 1 0  m i n  o f  b e i n g  o f f e r e d  a l t h o u g h  

l i t t l e  c a n  h a v e  b e e n  a b s o r b e d  i n  t h i s  t i m e .  S o d i u m - d e p l e t e d  c a l v e s  a l s o  s h o w  a n  

i n c r e a s e d  a p p e t i t e  f o r  s o d i u m  s o l u t i o n s  ( B e l l  &  W i l l i a m s ,  1 9 6 0 ) .

T h e  s t i m u l u s  f o r  t h i s  s p e c i f i c  a p p e t i t e  f o r  s o d i u m  w a s  s o u g h t  i n  t h e  c h a n g e s  t h a t  

a c c o m p a n y  s o d i u m  d e p l e t i o n .  T h e  c o n c e n t r a t i o n  o f  s o d i u m  i n  t h e  r u m e n  f a l l s  d u r in g  

s o d i u m  d e p l e t i o n  b u t  t h i s  d o e s  n o t  s e r v e  a s  t h e  s t i m u l u s ; B e i l h a r z  & K a y  ( 1 9 6 3 )  f o u n d  

t h a t  d e p l e t e d  s h e e p  d r a n k  a s  m u c h  s o d i u m  1 0  m i n  a f t e r  p o u r i n g  1 -5  1 o f  h y p e r t o n i c  

N a H C O g  s o l u t i o n  i n t o  t h e  r u m e n  a s  t h e y  d i d  a f t e r  p o u r i n g  t a p  w a t e r  i n t o  t h e  r u m e n .  

T h e  a b s o l u t e  c o n c e n t r a t i o n  o f  s o d i u m  i n  t h e  p l a s m a  i s  n o t  t h e  s t i m u l u s  e i t h e r .  S h e e p  

t h a t  a r e  d e p l e t e d  o f  b o t h  s o d i u m  a n d  w a t e r ,  s o  t h a t  t h e  c o n c e n t r a t i o n  o f  s o d i u m  in  

t h e  p l a s m a  i s  u n a l t e r e d  o r  e v e n  r a i s e d ,  s t i l l  s h o w  a p p r o p r i a t e  a n d  s p e c i f i c  a p p e t i t e s  

f o r  b o t h  w a t e r  a n d  s o d i u m  s o l u t i o n s  ( B e i l h a r z  et a l .  1 9 6 2 ) .  M o r e o v e r ,  i n t r a v e n o u s  

i n f u s i o n s  o f  h y p e r t o n i c  g l u c o s e  w h i c h  e x p a n d e d  t h e  b l o o d  v o l u m e  a n d  r e d u c e d  t h e  

c o n c e n t r a t i o n  o f  s o d i u m  i n  t h e  p l a s m a  b y  a b o u t  1 0  m - e q u i v . / l  d i d  n o t  a f f e c t  t h e  

s o d i u m  a p p e t i t e  o f  s o d i u m - d e p l e t e d  s h e e p  w h e n  t h i s  w a s  t e s t e d  1 0  m i n  l a t e r  ( B e i l h a r z  

&  K a y ,  1 9 6 3 ) .  W h e n  h y p e r t o n i c  N a C l  s o l u t i o n s  w e r e  i n f u s e d  t h e  c o n c e n t r a t i o n  o f  

s o d i u m  i n  t h e  p l a s m a  w a s  r a i s e d  b y  s o m e  2 0  m - e q u i v . / l ,  a g a i n  w i t h  a n  e x p a n s i o n  o f  

b l o o d  v o l u m e ,  a n d  a l t h o u g h  t h e  s o d i u m  a p p e t i t e  w a s  u s u a l l y  r e d u c e d  t h i s  d i d  n o t  

a l w a y s  h a p p e n  a n d  t h e  a p p e t i t e  b o r e  n o  r e l a t i o n  t o  t h e  c u r r e n t  c o n c e n t r a t i o n  o f  

s o d i u m  i n  t h e  p l a s m a .

T h e  s h e e p  t h u s  s e e m s  a b l e  t o  a s s e s s  r o u g h l y  t h e  t o t a l  a m o u n t  o f  s o d i u m  i n  i t s  

e x t r a c e l l u l a r  f l u i d  a n d  t r i m s  i t s  s o d i u m  a p p e t i t e  a p p r o p r i a t e ly ,  b u t  i t  i s  n o t  c l e a r  

h o w  t h i s  i s  d o n e .  T h e  l a c k  o f  e f f e c t  o f  g l u c o s e  i n f u s i o n  w o u l d  b e  e x p e c t e d  i f  t h e  

a p p e t i t e  f o r  s o d i u m  i s  d e t e r m i n e d  b y  a  m e c h a n i s m  w h i c h  m e a s u r e s  b o t h  p l a s m a  

s o d i u m  c o n c e n t r a t i o n  a n d  b l o o d  v o l u m e ,  b u t  t h i s  c a n n o t  a c c o u n t  f o r  t h e  c o n t i n u e d  

e x i s t e n c e  o f  t h e  a p p e t i t e  f o l l o w i n g  t h e  N a C l  i n f u s i o n .  B e i l h a r z  et a l .  ( 1 9 6 2 )  s u g g e s t  

t h a t  t h e  s h e e p  r e s p o n d s  t o  a  c o n c e n t r a t i o n  g r a d i e n t  f o r  s o d i u m  b e t w e e n  a n  i n t r a c e l l u l a r  

a n d  a n  e x t r a c e l l u l a r  c o m p a r t m e n t ;  w a t e r  d e p l e t i o n  m i g h t  a f f e c t  b o t h  c o m p a r t 

m e n t s  e q u a l l y  a n d  s o  n o t  a l t e r  t h e  g r a d i e n t .

S a l i v a r y  s e c re t io n

B i u m i n a n t s  s e c r e t e  e n o r m o u s  v o l u m e s  o f  a l k a l i n e  a n d  w e l l - b u f f e r e d  s a l i v a .  T h i s  

n o t  o n l y  m o i s t e n s  t h e  f o o d  i n  t h e  m o u t h ,  a i d i n g  c h e w i n g  a n d  s w a l l o w i n g  a s  i n  o t h e r  

m a m m a l s ,  b u t  a l s o  s t a b i l i z e s  t h e  r u m e n  p H  a n d  s u p p l i e s  m o s t  o f  t h e  w a t e r  a n d  s a l t s  

o f  t h e  r u m e n  f lu id .  S h e e p  a r e  e s t i m a t e d  t o  s e c r e t e  6 - 1 6  1 d a i l y  ( K a y ,  1 9 6 0 a )  a n d
D a ir y  R e s .  3 0
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c a t t l e  a s  m u c h  a s  9 8 - 1 9 0 1  ( B a i l e y ,  1 9 6 1  a ) .  T h e s e  a r e  c o n s i d e r a b l y  g r e a t e r  t h a n  e a r l i e r  

e s t i m a t e s  w h i c h  h a v e  b e e n  s u m m a r i z e d  b y  S o m e r s  ( 1 9 5 7 )  a n d  B a i l e y  ( 1 9 6 1 a ) .

K a y  ( 1 9 6 0 a )  d i v i d e d  t h e  s a l i v a r y  g l a n d s  o f  s h e e p  i n t o  t h r e e  g r o u p s .  F i r s t ,  t h e  

p a r o t i d  a n d  i n f e r io r  m o l a r  g l a n d s  w h i c h  a r e  p u r e l y  s e r o u s ,  s e c r e t e  c o n t i n u o u s l y  a n d  

m a y  b e  s t i m u l a t e d  r e f l e x l y  f r o m  t h e  m o u t h ,  o e s o p h a g u s  a n d  r u m e n .  T h e y  a r e  p a r 

t i c u l a r l y  a c t i v e  d u r in g  e a t i n g  a n d  r u m i n a t i o n .  T h e  s a l i v a  i s  n o t  a t  a l l  m u c o u s ,  a n d  i s  

i s o t o n i c  w i t h  p l a s m a ,  a l k a l i n e  a n d  w e l l  b u f f e r e d .  T h e  s m a l l  g l a n d s  l y i n g  b e n e a t h  t h e  

e p i t h e l i u m  o f  t h e  c h e e k s ,  p a l a t e  a n d  p h a r y n x  f o r m  t h e  s e c o n d  g r o u p .  T h e y  a r e  

c o m p o s e d  o f  l a r g e  m u c o u s  c e l l s  a n d  t o g e t h e r  w e i g h  a b o u t  2 0  g .  T h e y  s e c r e t e  l i t t l e  

w h e n  n o t  s t i m u l a t e d  b u t  l i k e  t h e  s e r o u s  g l a n d s  t h e y  r e s p o n d  w e l l  t o  s t i m u l a t i o n  o f  

t h e  m o u t h ,  o e s o p h a g u s  a n d  r u m e n .  P a l a t i n e  s a l i v a  i s  e x t r e m e l y  m u c o u s  b u t  

r e s e m b l e s  p a r o t i d  s a l i v a  i n  i t s  i n o r g a n i c  c o n s t i t u e n t s  a n d  a l k a l i n i t y .  T h e  t h i r d  g r o u p  

c o n s i s t s  o f  t h e  s u b m a x i l l a r y ,  s u b l i n g u a l  a n d  l a b i a l  g l a n d s ; t h e s e  c o n t a i n  b o t h  s m a l l  

m u c o u s  c e l l s  a n d  s o m e  s e r o u s  c e l l s .  T h e  s u b m a x i l l a r y  g l a n d  s e c r e t e s  r a p i d l y  d u r i n g  

f e e d i n g  b u t  o n l y  s l i g h t l y  d u r in g  r u m i n a t i o n  a n d  i t  i s  l i t t l e  a f f e c t e d  b y  s t i m u l a t i o n  o f  

t h e  o e s o p h a g u s  a n d  r u m e n  ( K a y ,  1 9 5 8 ;  K a y  & P h i l l i p s o n ,  1 9 5 9 ;  A s h  &  K a y ,  1 9 5 9 ) .  

S u b m a x i l l a r y ,  s u b l i n g u a l  a n d  l a b i a l  s a l i v a s  a r e  m u c o u s ,  h y p o t o n i c  a n d  p o o r l y  

b u f f e r e d  ( K a y ,  1 9 6 0 a ) .

T h e  p a r o t i d  g l a n d  h a s  b e e n  s t u d i e d  m o s t  e x t e n s i v e l y .  E c k h a r d  ( 1 8 9 3 )  s h o w e d  

l o n g  a g o  t h a t  t h e  g l a n d  c o n t i n u e s  t o  s e c r e t e  w h e n  d e n e r v a t e d ,  a n d  t h i s  f l o w  p e r s i s t s  

e v e n  w h e n  m a s s i v e  i n j e c t i o n s  o f  a t r o p i n e  a r e  g i v e n  o r  w h e n  t h e  g l a n d  i s  i s o l a t e d  a n d  

p e r f u s e d  ( C o a t s ,  D e n t o n ,  G o d in g  & W r i g h t ,  1 9 5 6 ;  K a y ,  1 9 5 8 ) .  T h i s  s u g g e s t s  t h a t  t h e  

c o n t i n u o u s  s e c r e t i o n  i s  d u e  t o  s o m e  p r o p e r t y  o f  t h e  g l a n d  i t s e l f ,  a s  c l a i m e d  b y  

E c k h a r d  ( 1 8 9 3 ) .  K r i n i t s i n  ( 1 9 4 0 ) ,  o n  t h e  o t h e r  h a n d ,  w a s  i m p r e s s e d  b y  t h e  s l o w n e s s  

o f  p a r o t i d  s e c r e t i o n  i n  u n w e a n e d  c a l v e s  a n d  i n  f a s t e d  a d u l t  r u m i n a n t s  a n d  h e l d  t h a t  

t h e  s e c r e t i o n  o f  t h e  d e n e r v a t e d  g l a n d  i s  s t i m u l a t e d  b y  c o n t i n u o u s l y  a b s o r b e d  p r o 

d u c t s  o f  d i g e s t i o n .  T h i s  p o s s i b i l i t y  i s  n o t  w h o l l y  r u l e d  o u t  b y  p e r f u s i o n  e x p e r i m e n t s  

o f  s h o r t  d u r a t i o n .  T h i s  b a s a l  c o m p o n e n t  o f  p a r o t i d  s e c r e t i o n  e n s u r e s  t h a t  t h e  f l o w  o f  

s a l i v a  t o  t h e  r u m e n  n e v e r  c e a s e s  a l t o g e t h e r  b u t  i t  p r o b a b l y  a c c o u n t s  f o r  o n l y  a b o u t  

o n e - e i g h t h  o f  t h e  t o t a l  v o l u m e  o f  p a r o t i d  s a l i v a  s e c r e t e d  ( K a y ,  1 9 5 8 ) .

R e c e n t  m e a s u r e m e n t s  o f  t h e  v o l u m e  o f  s a l i v a  s e c r e t e d  b y  s i n g l e  p a r o t i d  g l a n d s  

r a n g e  f r o m  1 t o  5  1 d a i l y  i n  s t a l l - f e d  s h e e p  ( M a r s t o n ,  1 9 4 8 ;  D e n t o n ,  1 9 5 7  a ;  S o m e r s ,  

1 9 5 7 ;  S t e w a r t  & D o u g h e r t y ,  1 9 5 8 ;  K a y ,  1 9 6 0 a ;  W i l s o n ,  1 9 6 3 a ,  b , c )  a n d  m a y  r e a c h

6 - 8 1  d a i l y  i n  s h e e p  a t  p a s t u r e  ( W i l s o n ,  1 9 6 2 ,  p e r s .  c o m m .) .  I n  c a t t l e ,  v o l u m e s  o f  

2 2 - 8 0 1  d a i l y  h a v e  b e e n  r e c o r d e d  ( B l o k h ,  1 9 3 9 ;  B a i l e y  & B a l c h ,  1 9 6 1 a ;  D o b s o n ,

1 9 6 3 ) .  T h e  v o l u m e  o f  s a l i v a  s e c r e t e d  b y  s i n g l e  p a r o t i d  g l a n d s  v a r i e s  s u r p r i s i n g l y  in  

o t h e r w i s e  s i m i l a r  s h e e p .  K a y  ( 1 9 6 0 a )  s h o w e d  t h a t  o n l y  a  s m a l l  p a r t  o f  t h e  v a r i a t i o n  

w a s  d u e  t o  d i f f e r e n c e s  i n  b o d y  w e i g h t .  T h e  t w o  p a r o t i d  g l a n d s  o f  a  s h e e p  s o m e t i m e s  

d i f f e r e d  i n  w e i g h t  b y  u p  t o  5 0  % ;  p r e s u m a b l y  t h e i r  s e c r e t i o n  r a t e s  d i f f e r e d  s i m i l a r l y  

a n d  t h i s  p o i n t s  t o  t h e  d a n g e r  o f  d o u b l i n g  t h e  s e c r e t i o n  o f  o n e  g l a n d  i n  o r d e r  t o  

o b t a i n  a n  e s t i m a t e  o f  t o t a l  p a r o t i d  s e c r e t i o n .

A r t e f a c t s  a r i s in g  f r o m  t h e  c o l l e c t i o n  t e c h n i q u e  m a y  b e  a n o t h e r  s o u r c e  o f  v a r i a t i o n .  

D e n t o n  ( 1 9 5 7  a )  h a s  d e s c r i b e d  h o w  t h e  p a r o t i d  p a p i l l a  m a y  b e  t r a n s p l a n t e d  t o  a  s k i n  

t e a t  h a n g i n g  f r o m  t h e  c h e e k .  W h e n  t h e  o p e r a t i o n  i s  s u c c e s s f u l  t h e  g l a n d  r e m a i n s  

n o r m a l  i n  c h e m i c a l  c o m p o s i t i o n  a n d  h i s t o l o g i c a l  a p p e a r a n c e  a n d  i t  w e i g h s  a b o u t  a s  

m u c h  a s  t h e  u n f i s t u l a t e d  g la n d .  O n  t h e  o t h e r  h a n d ,  i f  t h e  d u c t  b e c o m e s  o b s t r u c t e d

2 7 4  R eview s o f the progress o f  d a iry  science



2 7 5

t e m p o r a r i l y  p a r t  o f  t h e  g l a n d  i s  d e s t r o y e d  a n d  t h i s  m a y  a c c o u n t  f o r  s o m e  o f  t h e  l o w e r  

s e c r e t i o n  r a t e s  f o u n d  i n  s u c h  p r e p a r a t i o n s .  W i l s o n  ( 1 9 6 3 a )  f o u n d  t h a t  3  w e e k s  a f t e r  

t h e  p a r o t i d  n e r v e  a n d  d u c t  w e r e  c u t  o n  o n e  s i d e ,  c a u s i n g  c o m p l e t e  f ib r o s i s  o f  t h e  g l a n d ,  

t h e  o p p o s i t e  p a r o t i d  a n d  o t h e r  s a l i v a r y  g l a n d s  s e c r e t e d  m o r e  r a p i d l y .  O n e  c a n n o t  b e  

s u r e  w h e t h e r  t h i s  e f f e c t  w a s  d u e  t o  d e s t r u c t i o n  o f  t h e  g l a n d  i t s e l f  o r  t o  t h e  a b s e n c e  o f  

i t s  s e c r e t i o n .  I f  t h e  l a t t e r  t h e n  t h e  l o s s  o f  s a l i v a  t h a t  f o l l o w s  c r e a t i o n  o f  a  p a r o t i d  

f i s t u l a  m a y  c a u s e  s o m e  d e g r e e  o f  c o m p e n s a t o r y  o v e r s e c r e t i o n  a n d  p e r h a p s  g r o w t h  b y  

b o t h  t h e  f i s t u l a t e d  a n d  n o r m a l  g l a n d s .  S a l i v a  m a y  a l s o  b e  c o l l e c t e d  b y  c a n n u l a t i n g  

t h e  c u t  p a r o t i d  d u c t  b u t  t h i s  m a y  e a s i l y  d a m a g e  t h e  f in e  p a r o t i d  n e r v e  f ib r i l s  t h a t  

r u n  b e s i d e  t h e  d u c t .  S u c h  a n  a c c i d e n t  m a y  a c c o u n t  f o r  t h e  p o o r  r e s p o n s e s  t o  f e e d i n g ,  

e t c . ,  o b t a i n e d  b y  s o m e  e a r l i e r  w o r k e r s .

T h e  v o l u m e  o f  s a l i v a  s e c r e t e d  d e p e n d s  t o  a  l a r g e  e x t e n t  o n  t h e  q u a n t i t y  a n d  n a t u r e  

o f  t h e  f o o d  e a t e n .  D e n t o n  ( 1 9 5 7  a )  r e c o r d e d  t h a t  a  s h e e p  s e c r e t e d  3 -1 7  1 o f  p a r o t i d  

s a l i v a  d a i l y  w h e n  e a t i n g  0 -8  k g  o f  lu c e r n e  c h a f f  a n d  0 -3  k g  o f  f r e s h  lu c e r n e  b u t  o n l y  

0 -5  1 w h e n  f e d  f r e s h  lu c e r n e  a l o n e ,  a l t h o u g h  t h e  i n t a k e  o f  2 - 3  k g  d a i l y  s u p p l i e d  a b o u t  

a s  m u c h  d r y  m a t t e r  a s  t h e  f i r s t  d i e t .  S t a r v a t i o n  r e d u c e d  t h e  p a r o t i d  s e c r e t i o n  t o  

0 - 3 - 0 - 5  1 a f t e r  4 - 5  d a y s  a n d  r e s t r i c t i o n  o f  t h e  w a t e r  i n t a k e  o r  s e v e r e  s o d i u m  d e p l e t i o n  

a l s o  r e d u c e d  s e c r e t i o n  t o  0 -5  1 o r  l e s s .  O n  t h e  o t h e r  h a n d ,  W i l s o n  ( 1 9 6 3 6 )  f o u n d  t h a t  

a s  m u c h  p a r o t i d  s a l i v a  w a s  s e c r e t e d  b y  s h e e p  o n  f r e s h  g r a s s  a s  o n  d r i e d  g r a s s  c o n 

t a i n i n g  t h e  s a m e  a m o u n t  o f  d r y  m a t t e r .  T h e  a m o u n t  o f  p a r o t i d  s a l i v a  s e c r e t e d  w h e n  

c h a f f e d  h a y  w a s  f e d  a t  t h r e e  l e v e l s  o f  i n t a k e  w a s  l i n e a r l y  r e l a t e d  t o  t h e  d r y - m a t t e r  

i n t a k e ,  r o u g h l y  3  1 b e i n g  s e c r e t e d  b y  a  s i n g l e  g l a n d  f o r  e v e r y  k i l o g r a m  c o n s u m e d .  

T h e  v o l u m e  s e c r e t e d  w a s  n o t  a f f e c t e d  b y  i n c r e a s i n g  o r  r e s t r i c t i n g  t h e  w a t e r  i n t a k e  

b u t  w a s  g r e a t l y  r e d u c e d  w h e n  1 0  1 o f  a r t i f i c i a l  s a l i v a  o r  1 %  N a C l  s o l u t i o n  w a s  i n f u s e d  

i n t o  t h e  r u m e n  d a i l y .  T h e  p h y s i c a l  n a t u r e  o f  t h e  d i e t  w a s  i m p o r t a n t  i n  s o m e  r e s p e c t s .  

M o r e  s a l i v a  w a s  s e c r e t e d  w h e n  t h e  h a y  f e d  w a s  g r o u n d  t o  p a s s  a  %  i n c h  s c r e e n  t h a n  

w h e n  i t  w a s  f e d  i n  t h e  l o n g  s t a t e ,  b u t  v e r y  m u c h  l e s s  w a s  s e c r e t e d  w h e n  s t i l l  m o r e  

f i n e l y  s i e v e d  h a y  w a s  g i v e n .

W i l s o n ’s  r e s u l t s  a g r e e  w i t h  e a r l i e r  e x p e r i m e n t s  o n  t h e  s e c r e t i o n  o f  m i x e d  s a l i v a  b y  

c a t t l e .  B a l c h  ( 1 9 5 8 )  c o l l e c t e d  a n d  w e i g h e d  s w a l l o w e d  f o o d  a s  i t  p a s s e d  t h r o u g h  t h e  

c a r d ia c  o r i f i c e  i n  o r d e r  t o  m e a s u r e  t h e  w e i g h t  o f  s a l i v a  a d d e d  t o  i t .  H a y  h a d  t h r e e  

o r  f o u r  t i m e s  m o r e  s a l i v a  a d d e d  t o  i t  t h a n  c o n c e n t r a t e s  o r  f l a k e d  m a i z e ,  f o r  a l t h o u g h  

t h e  r a t e  o f  s e c r e t i o n  w a s  s l i g h t l y  h i g h e r  w i t h  c o n c e n t r a t e s  t h e  h a y  w a s  c h e w e d  f o r  

m u c h  l o n g e r  b e f o r e  b e i n g  s w a l l o w e d .  F o d d e r  b e e t  a n d  f r e s h - c u t  g r a s s  h a d  t h e  l e a s t  

a m o u n t s  o f  s a l i v a  a d d e d  t o  t h e m  a l t h o u g h ,  o n  a  d r y  w e i g h t  b a s i s ,  t h e  g r a s s  h a d  a s  

m u c h  s a l i v a  a d d e d  a s  t h e  h a y .  T h i s  w o r k  w a s  e x t e n d e d  b y  B a i l e y  ( 1 9 6 1 a )  w h o  f o u n d  

t h a t  t h e  r a t e  o f  s e c r e t i o n  o f  s a l i v a  b y  a n y  o n e  c o w  w a s  m u c h  t h e  s a m e  w h e t h e r  i t  w a s  

e a t i n g  d a i r y  c u b e s ,  h a y ,  d r i e d  g r a s s  o r  s i l a g e ,  a n d  w a s  o n l y  l o w e r  o n  m a n g o l d s  a n d  

o n e  c u t  o f  f r e s h  g r a s s .  C o n s e q u e n t l y  t h e  a m o u n t  o f  s a l i v a  a d d e d  t o  t h e  f o o d  d e p e n d e d  

m a i n l y  o n  h o w  l o n g  i t  w a s  c h e w e d .  T h e  t o t a l  w a t e r  c o n t e n t  o f  a l l  t h e  s w a l l o w e d  f o o d s  

e x c e p t  t h e  d a i r y  c u b e s  w a s  b e t w e e n  7 8  a n d  9 3 % ;  f o r  d a i r y  c u b e s  i t  w a s  o n l y  5 0 % .  

E s t i m a t e s  o f  t o t a l  d a i l y  s a l i v a r y  s e c r e t i o n ,  b a s e d  o n  t h e  r a t e s  o f  s e c r e t i o n  d u r in g  

f e e d i n g ,  r u m i n a t i o n  a n d  ‘ r e s t i n g ’ a n d  t h e  d u r a t i o n  o f  e a c h  a c t i v i t y ,  w e r e  g r e a t e s t  

f o r  d i e t s  o f  f r e s h  g r a s s ,  l e s s  f o r  h a y  a n d  l e a s t  f o r  h i g h  c o n c e n t r a t e s  d i e t s  a n d  s i l a g e .  

T h e  r e l a t i v e l y  s m a l l  a m o u n t s  o f  s a l i v a  a d d e d  t o  d i e t s  o f  m e a l s  a n d  c o n c e n t r a t e s  

p e r h a p s  e x p l a i n s  t h e  t h i c k n e s s  o f  t h e  r u m e n  c o n t e n t s  f o u n d  w i t h  s u c h  d i e t s .  S p e a k i n g
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g e n e r a l l y ,  t h e  d i e t  s e e m s  t o  i n f l u e n c e  s a l i v a r y  s e c r e t i o n  p r i n c i p a l ly  b y  d e t e r m i n i n g  

h o w  l o n g  i s  s p e n t  i n  f e e d i n g  a n d  r u m i n a t i n g .  T h e  n u m e r o u s  r e f l e x  p a t h s  b y  w h i c h  t h e  

p h y s i c a l  c o n s i s t e n c y  o f  t h e  r u m e n  c o n t e n t s  m i g h t  b e  e x p e c t e d  t o  i n f l u e n c e  s a l i v a r y  

s e c r e t i o n  ( s e e  b e l o w )  a p p e a r  t o  b e  o f  s u b s i d i a r y  i m p o r t a n c e .

I n  B a l c h ’s  a n d  B a i l e y ’s  e x p e r i m e n t s  c a r e  w a s  t a k e n  t o  a v o i d  s t i m u l a t i n g  t h e  

s e n s i t i v e  c a r d ia c  r e g i o n  w i t h  t h e  r u b b e r  c u p  u s e d  t o  c o l l e c t  s w a l l o w e d  m a t e r ia l .  

M e a s u r e m e n t s  o f  m i x e d  s a l i v a r y  s e c r e t i o n  h a v e  a l s o  b e e n  m a d e  b y  o b s t r u c t i n g  t h e  

o e s o p h a g u s  w i t h  a  b a l l o o n  ( H y d e n ,  1 9 5 8 )  o r  w i t h  a n  i n f l a t a b l e  c a t h e t e r  d r a w n  u p  

f r o m  t h e  c a r d i a  ( C u n n in g h a m ,  1 9 5 8 ) ,  a n d  a s p i r a t i n g  t h e  s a l i v a  c o l l e c t i n g  a b o v e  t h e  

o b s t r u c t i o n  t h r o u g h  a  n a s a l  t u b e .  O t h e r  w o r k e r s  h a v e  u s e d  a  t u b e  i n s e r t e d  i n t o  t h e  

o e s o p h a g u s  t h r o u g h  t h e  c a r d ia  ( M c G i l l ia r d ,  C o n n e r ,  D u n c a n  &  H u f f m a n ,  1 9 5 7 ;  

E m e r y ,  S m i t h ,  G r im e s ,  H u f f m a n  &  D u n c a n ,  1 9 6 0 ;  S a s a k i  & U m e z u ,  1 9 6 2 ) .  U n f o r t u 

n a t e l y ,  a s  d e s c r i b e d  n e x t ,  d i s t e n s i o n  o f  t h e  c a r d ia  a n d  l o w e r  o e s o p h a g u s  i s  a  p a r 

t i c u l a r l y  s t r o n g  s t i m u l u s  t o  s a l i v a r y  s e c r e t i o n ,  a s  t h e s e  a u t h o r s  r e c o g n i z e d ,  a n d  t h i s  

r e n d e r s  t h e  e x p e r i m e n t s  o f  u n c e r t a i n  v a l u e  s o  f a r  a s  t h e y  c o n c e r n  m e a s u r e m e n t s  o f  

s a l i v a r y  f lo w .

A  l a r g e  n u m b e r  o f  r e f l e x e s  h a v e  b e e n  d e s c r i b e d  w h i c h  a c c o u n t  f o r  t h e  i n c r e a s e d  

f l o w  o f  p a r o t i d  s a l i v a  d u r in g  e a t i n g  a n d  r u m i n a t i o n .  T h e  p a r o t i d s  a r e  s t i n r u l a t e d  b y  

b r u s h i n g  b e t w e e n  t h e  t o n g u e  a n d  m o l a r  t e e t h ,  a  p a r t l y  o n e - s i d e d  e f f e c t  ( K a y ,  1 9 5 8 ) ,  

a n d  b y  i n j e c t i n g  f a t t y  a c i d s  i n t o  t h e  m o u t h  ( K r a s u s k i i  &  K r y m s k a i a ,  1 9 4 0 ;  C o a t s  et a l .  

1 9 5 6 ;  D e n t o n ,  1 9 5 7 a ) ;  b y  b r u s h i n g  t h e  l o w e r  o e s o p h a g u s  (C la r k  & W e i s s ,  1 9 5 2 )  a n d  

b y  d i s t e n d i n g  i t  w i t h  g a s ,  f l u i d  o r  b a l l o o n s  ( K a y  & P h i l l i p s o n ,  1 9 5 9 ;  S e l l e r s  & T i t c h e n ,

1 9 5 9 ) ;  b y  s t r e t c h i n g  t h e  c a r d ia c  a n d  r e t i c u l o - o m a s a l  o r i f i c e s  a n d  t h e  r e t i c u l o - r u m e n  

f o l d  a n d  b y  t a c t i l e  s t i m u l a t i o n  o f  t h e s e  a n d  o t h e r  s t r u c t u r e s  o f  t h e  r e t i c u l u m  a n d  t h e  

a n t e r i o r  p a r t  o f  t h e  r u m e n  ( C o m im e  & T i t c h e n ,  1 9 5 7 ;  K a y ,  1 9 5 8 ;  A s h  & K a y ,  1 9 5 9 ) .  

T h e  s e n s o r y  a n d  m o t o r  n e r v e s  c o n c e r n e d  i n  t h e s e  r e f l e x e s  a r e  d e s c r i b e d  b y  K a y  ( 1 9 5 8 ) .  

T h e  i n t r o d u c t i o n  o f  f a t t y  a c i d s  i n t o  t h e  r u m e n  a l s o  s t i m u l a t e s  p a r o t i d  s e c r e t i o n ,  b u t  

t h e  r e s p o n s e  i s  t r a n s i e n t  a n d  t h e  p H  r e q u ir e d  i s  m u c h  lo w e r  t h a n  i s  n o r m a l l y  f o u n d  

i n  t h e  r u m e n  s o  t h i s  e f f e c t  i s  u n l i k e l y  t o  p l a y  a n y  p a r t  i n  t h e  n o r m a l  r e g u l a t i o n  o f  

s a l i v a r y  s e c r e t i o n  ( K a y ,  1 9 5 8 ;  A s h  & K a y ,  1 9 5 9 ) .  B a i l e y  & B a l c h  ( 1 9 6 1 6 )  a d d e d  

3 0 0  m l  o f  a c e t i c  a c i d  t o  t h e  r u m e n  c o n t e n t s  o f  c o w s ,  l o w e r i n g  t h e  r u m e n  p H  t o  5 -4 ,  

w i t h o u t  a l t e r i n g  t h e  r a t e  o f  s a l i v a r y  s e c r e t i o n .

P a r o t i d  s e c r e t i o n  i s  a l s o  i n f l u e n c e d  b y  i n h i b i t o r y  s t i m u l i .  E l o v s k i k h  ( 1 9 3 7 6 )  f i r s t  

s h o w e d  t h a t  p a r o t i d  s e c r e t i o n  i s  d e p r e s s e d  i n  c a l v e s  w h e n  t h e  r u m e n  i s  i n f l a t e d  o r  

d i s t e n d e d  w i t h  w a t e r .  I n  s i m i l a r  e x p e r i m e n t s  o n  a n a e s t h e t i z e d  s h e e p  a n d  c a l v e s  

P h i l l i p s o n  & R e i d  ( 1 9 5 8 )  a n d  K a y  &  P h i l l i p s o n  ( 1 9 5 9 )  i n h i b i t e d  s a l i v a r y  s e c r e t i o n  b y  

i n f l a t i n g  t h e  r u m e n  t o  p r e s s u r e s  o f  2 0 - 3 0  m m H g  o r , u n d e r  s o m e  c o n d i t i o n s ,  t o  l e s s  

t h a n  9  m m H g .  P a r o t i d  s e c r e t i o n  w a s  i n h i b i t e d  i n  c o n s c i o u s  s h e e p  w h e n  b a l l o o n s  w e r e  

i n f l a t e d  t o  1 - 2  1 i n  t h e  r u m e n  ( A s h  & K a y ,  1 9 5 9 ) .  B a i l e y  &  B a l c h  ( 1 9 6 1  a )  f o u n d  t h a t  

t h e  r a t e  o f  p a r o t i d  s e c r e t i o n  f e l l  d u r in g  a  m e a l  a n d  o n l y  r e c o v e r e d  s l o w l y  d u r i n g  t h e  

f o l l o w i n g  8  h ; t o t a l  s a l i v a r y  s e c r e t i o n  b e h a v e d  s i m i l a r l y  a n d  w a s  m o s t  r e d u c e d  

f o l l o w i n g  t h e  l a r g e s t  m e a l s  ( B a i l e y  & B a l c h ,  1 9 6 1 6 ) .  T h e y  s u g g e s t  t h a t  s a l i v a r y  

s e c r e t i o n  i s  i n h i b i t e d  b y  t h e  a c t  o f  f e e d i n g  i t s e l f .  W i l s o n  ( 1 9 6 3 c )  o b t a i n e d  s i m i l a r  

r e s u l t s  i n  s h e e p ,  a n d  a l s o  f o u n d  t h a t  p a r o t i d  s e c r e t i o n  w a s  i n h i b i t e d  a f t e r  a  d r i n k  o r  

a f t e r  w a t e r  o r  s a l i v a  w a s  a d d e d  t o  t h e  r u m e n  t h r o u g h  a  f i s t u l a .  T h e  r e m o v a l  o f  1 - 2  1 

o f  r u m e n  c o n t e n t s  a f t e r  a  m e a l  a l l o w e d  a  s u b s t a n t i a l  i n c r e a s e  i n  p a r o t i d  s e c r e t i o n .
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T h is ,  W i l s o n  s u g g e s t s ,  i s  b e c a u s e  d i s t e n s i o n  o f  t h e  r u m e n  w i t h  f o o d ,  w a t e r  a n d  s a l i v a  

d u r in g  t h e  f e e d i n g  p e r i o d  p r o v i d e s  a n  i n h i b i t o r y  s t i m u l u s  w h i c h  g r a d u a l l y  d e c l i n e s  

a s  t h e  v o l u m e  o f  r u m e n  c o n t e n t s  d i m i n i s h e s  b e t w e e n  f e e d s .

C o n d i t i o n e d  s t i m u l i  a l s o  a f f e c t  s a l i v a r y  s e c r e t i o n .  D e n t o n  ( 1 9 5 7 6 )  s u m m a r i z e d  

p r e v i o u s  R u s s i a n  w o r k  o n  t h e  s u b j e c t  ; h i s  o w n  w o r k  s h o w e d  t h a t  t h e  u s u a l  a c t i v i t i e s  

t h a t  p r e c e d e  f e e d i n g  c a u s e  s h e e p  t o  s e c r e t e  p a r o t i d  s a l i v a  p r o f u s e l y .  T h e  p r e p a r a t i o n  

o f  a  s o d i u m  s o l u t i o n  i n  s i g h t  o f  a  s o d i u m - d e p l e t e d  s h e e p  h a s  a  s i m i l a r  e f f e c t  

( B e i l h a r z  & K a y ,  1 9 6 3 ) .

T h e  r a t e s  o f  s e c r e t i o n  o f  t h e  r e m a i n i n g  s a l i v a r y  g l a n d s  h a v e  r e c e i v e d  m u c h  l e s s  

a t t e n t i o n .  K a y  ( 1 9 6 0 a )  r e c o r d e d  f l o w s  o f  f r o m  1 8 5  t o  3 7 5  m l  d a i l y  f r o m  s i n g l e  s u b -  

m a x i l l a r y  g l a n d s  o f  s h e e p  o n  a  d i e t  o f  h a y  a n d  m e a l s .  T h e  s u b l i n g u a l  g l a n d s  o f  s h e e p  

a r e  t o o  s m a l l  t o  s e c r e t e  m u c h  s a l i v a  a n d  i t  i s  n o t  k n o w n  h o w  m u c h  t h e  la r g e r  l a b i a l  

g l a n d s  s e c r e t e .  T h e  s u b s t a n t i a l  s e c r e t i o n  o f  t h e  r e m a i n i n g  s m a l l  g l a n d s  o f  t h e  m o u t h  

o f  s h e e p  w a s  f i r s t  s h o w n  b y  S c h e u n e r t  & K r z y w a n e k  ( 1 9 2 9 )  w h o  c o l l e c t e d  t h e  m i x e d  

s a l i v a r y  s e c r e t i o n s  f r o m  a  g l a s s  c a n n u l a  t i e d  i n t o  t h e  o e s o p h a g u s .  A f t e r  b o t h  p a r o t i d s  

h a d  b e e n  c a n n u l a t e d  t h e  r e s i d u a l  f l o w  o f  s a l i v a  f r o m  t h e  o e s o p h a g u s  w a s  a s  g r e a t  a s  

t h e  f l o w  o f  p a r o t i d  s a l i v a .  P h i l l i p s o n  & R e i d  ( 1 9 5 8 )  a n d  K a y  & P h i l l i p s o n  ( 1 9 5 9 )  

c a n n u l a t e d  t h e  p a r o t i d  a n d  s u b m a x i l l a r y  g l a n d s  i n  a n a e s t h e t i z e d  s h e e p  i n  w h i c h  

s a l i v a r y  s e c r e t i o n  w a s  s t i m u l a t e d ,  a n d  t h e y  a l s o  f o u n d  t h a t  a s  m u c h  s a l i v a  d r i b b l e d  

f r o m  t h e  m o u t h  a n d  n o s e  a s  w a s  s e c r e t e d  b y  t h e  p a r o t i d s .  T h i s  r e s i d u a l  s a l i v a  c o n 

s i s t e d  o f  m u c o u s  s t r a n d s  o v e r  w h i c h  r a n  a  m o r e  f l u i d  c o m p o n e n t  a n d  c l e a r l y  r e p r e 

s e n t e d  a  m i x t u r e  o f  t h e  s e c r e t i o n s  o f  t h e  s m a l l  m u c o u s  g l a n d s  a n d  t h e  s e r o u s  in f e r i o r  

m o l a r  g l a n d s .  K a y  ( 1 9 6 0 a )  e s t i m a t e d  t h a t  t h e  i n f e r io r  m o l a r  g l a n d s  o f  s h e e p  s e c r e t e  

0 - 7 - 2 - 0  1 a n d  t h e  s m a l l  m u c o u s  g l a n d s  a  f u r t h e r  2 - 6  1 d a i l y .

T h e  a l k a l i n e  n a t u r e  o f  r u m i n a n t  s a l i v a  h a s  b e e n  r e c o g n i z e d  s i n c e  L a s s a i g n e ’s  

a n a l y s i s  o f  t h e  p a r o t i d  s a l i v a  o f  a  c o w  a n d  a  r a m  ( L a s s a i g n e ,  1 8 5 2 ) .  M c D o u g a l l  ( 1 9 4 8 )  

m a d e  t h e  f i r s t  d e t a i l e d  a n a l y s i s  o f  s h e e p  p a r o t i d  s a l i v a  w h i c h  c o n t a i n e d ,  o n  a v e r a g e ,  

i n  m - e q u i v . / l :  N a + ,  1 7 7 ;  K + ,  8.; H C 0 3” , 1 0 4 ;  H P 0 42 - , 5 2 ;  C l” , 1 7 ;  a n d  l e s s  t h a n  

1 m - e q u i v . / l  o f  C a 2+  a n d  M g 2+ . T h e  p H  a t  r o o m  t e m p e r a t u r e  w a s  8 - 2 3 ,  c o r r e s p o n d i n g  

t o  8 - 0 9  i n  t h e  s a l i v a  a s  s e c r e t e d .  M i x e d  s a l i v a  i s  v e r y  s i m i l a r  i n  c o m p o s i t i o n ,  a s  a l s o  

a r e  ‘r e s i d u a l ’ a n d  p a l a t i n e  s a l i v a s  ( P h i l l i p s o n  & M a n g a n ,  1 9 5 9 ;  K a y ,  1 9 6 0 a ) ,  t h e  

m i x e d  a n d  p a r o t i d  s a l i v a s  o f  c a t t l e  ( E m e r y  et a l .  1 9 6 0 ;  B a i l e y  & B a l c h ,  1 9 6 1 a ,  6 )  a n d  

t h e  p a r o t i d  s a l i v a  o f  g o a t s  ( K a y ,  1 9 6 0 6 ) .

T h e  t w o  m o s t  i m p o r t a n t  f a c t o r s  t h a t  a f f e c t  t h e  c o m p o s i t i o n  o f  p a r o t i d  s a l i v a  a r e  

s o d i u m  d e p l e t i o n  a n d  t h e  r a t e  o f  s e c r e t i o n .  D e n t o n  ( 1 9 5 6 )  f i r s t  d e s c r i b e d  t h e  r e m a r k 

a b l e  i n v e r s i o n  o f  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  s o d i u m  a n d  p o t a s s i u m  i n  p a r o t i d  

s a l i v a  t h a t  o c c u r s  w h e n  s h e e p  a r e  d e p l e t e d  o f  s o d i u m .  I n  o n e  s h e e p ,  f o r  i n s t a n c e ,  t h e  

c o n c e n t r a t i o n  o f  s o d i u m  f e l l  f r o m  1 7 8  t o  4 6  m - e q u i v . / l  a n d  t h a t  o f  p o t a s s i u m  r o s e  

f r o m  2 1  t o  1 4 0  m - e q u i v . / l  a f t e r  n e a r l y  1 0 0 0  m - e q u i v .  o f  s o d i u m  h a d  b e e n  l o s t  f r o m  a  

p a r o t i d  f i s t u l a ,  a t  w h i c h  s t a g e  a  n e w  b a l a n c e  b e t w e e n  t h e  d i e t a r y  s o d i u m  i n t a k e  a n d  

t h e  r e d u c e d  s a l i v a r y  l o s s  w a s  a c h i e v e d  ( D e n t o n ,  1 9 5 7 a ) .  T h i s  e f f e c t  i s  d u e  t o  a l d o 

s t e r o n e ,  s e c r e t e d  b y  t h e  a d r e n a l  g l a n d s  u n d e r  t h e  s t r e s s  o f  s o d i u m  d e p l e t i o n ,  a n d  h a s  

b e e n  f u l l y  r e v i e w e d  b y  D e n t o n ,  G o d i n g  & W r i g h t  ( 1 9 6 0 ) .  S o d i u m  d e p l e t i o n  a l s o  

r e d u c e s  t h e  s o d i u m : p o t a s s i u m  r a t i o  o f  s u b m a x i l l a r y  s a l i v a ,  b u t  h a s  l i t t l e  o r  n o  e f fe c t-  

o n  t h e  s m a l l  m u c o u s  g l a n d s  w h i c h  p r o b a b l y  c o n t i n u e  t o  s e c r e t e  c o n s i d e r a b l e  a m o u n t s  

o f  s o d i u m  i n t o  t h e  r u m e n  e v e n  i n  a c u t e  s o d i u m  d e p l e t i o n  ( K a y ,  1 9 6 0 a ) .  A n  i n c r e a s e
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in  t h e  r a t e  o f  s e c r e t i o n  o f  p a r o t i d  s a l i v a  t y p i c a l l y  in c r e a s e s  t h e  c o n c e n t r a t i o n s  o f  

s o d i u m  a n d  b i c a r b o n a t e  a n d  d e c r e a s e s  t h e  c o n c e n t r a t i o n s  o f  p o t a s s i u m  a n d  p h o s p h a t e  

t o  a  r e c i p r o c a l  e x t e n t  ( C o a t s  &  W r i g h t ,  1 9 5 7 ;  K a y ,  I 9 6 0 « ;  B a i l e y  &  B a l c h ,  1 9 6 1 a ) .  

T h i s  e f f e c t  i s  m o s t  n o t i c e a b l e  i n  t h e  h i g h - p o t a s s i u m  s a l i v a  s e c r e t e d  d u r in g  s o d i u m  

d e p l e t i o n .  T h e  c o n c e n t r a t i o n  o f  p h o s p h a t e  i n  p a r o t i d  s a l i v a  i s  f a i r l y  c l o s e l y  r e l a t e d  

t o  i t s  c o n c e n t r a t i o n  i n  j u g u l a r  b l o o d  ( W a t s o n ,  1 9 3 3 )  a n d  m a y  b e  in c r e a s e d  b y  s u p p l e 

m e n t i n g  t h e  d i e t  w i t h  p h o s p h a t e  ( D e n t o n ,  1 9 5 7 a ) .

S u b m a x i l l a r y  s a l i v a  i s  o n l y  w e a k l y  b u f f e r e d  ( L a s s a i g n e ,  1 8 5 2 ) .  K a y  ( 1 9 6 0  a )  g a v e  

t h e  a v e r a g e  c o n c e n t r a t i o n  o f  e l e c t r o l y t e s  i n  t h e  s u b m a x i l l a r y  s a l i v a  c o l l e c t e d  o v e r  

2 4  h  p e r io d s ,  i n  m - e q u i v . / l ,  a s  N a + ,  9 ;  K + ,  1 6 ;  H C 0 3- , 9 ;  H P 0 42 , 5 ;  C l- , 1 1 . S u b 

l i n g u a l  a n d  l a b i a l  s a l i v a s  w e r e  s im i la r .  T h e  c o n c e n t r a t i o n s  o f  c a l c i u m  a n d  m a g n e s i u m  

i n  ‘ r e s i d u a l ’ a n d  s u b m a x i l l a r y  s a l i v a s  a r e  a p p r o x i m a t e l y  t w i c e  w h a t  t h e y  a r e  i n  

p a r o t i d  s a l i v a  ( S t o r r y ,  1 9 6 1 ) .  T h e  c o m p o s i t i o n  o f  s u b m a x i l l a r y  s a l i v a  v a r i e s  w i t h  t h e  

r a t e  o f  s e c r e t i o n  a n d  t h i s  p r o b a b l y  a c c o u n t s  f o r  d i f f e r e n c e s  b e t w e e n  s a m p l e s  c o l l e c t e d  

f r o m  a n a e s t h e t i z e d  a n d  c o n s c i o u s  s h e e p  ( P h i l l i p s o n  & M a n g a n ,  1 9 5 9 ;  K a y ,  1 9 6 0 a ) .

T h e  o r g a n ic  c o n s t i t u e n t s  o f  s a l i v a ,  p r i n c i p a l l y  m u c u s  a n d  u r e a ,  m a y  b e  o f  i m p o r t 

a n c e  i n  b l o a t  (p .  2 7 0 )  a n d  a r e  a  s o u r c e  o f  n i t r o g e n  t o  t h e  m ic r o - o r g a n i s m s  o f  t h e  

r u m e n  (p .  2 8 7 ) .  U r e a  a c c o u n t s  f o r  m o s t  o f  t h e  n i t r o g e n  p r e s e n t  i n  p a r o t i d  s a l i v a  a n d  

i t s  c o n c e n t r a t i o n  i s  p r o p o r t i o n a l  t o  b u t  r a t h e r  lo w e r  t h a n  i t s  c o n c e n t r a t i o n  i n  p l a s m a  

( s e e  p .  2 8 7 ) .  S u b m a x i l l a r y  s a l i v a  c o n t a i n s  m u c h  m o r e  p r o t e i n  n i t r o g e n  t h a n  p a r o t i d  

s a l i v a  ( P h i l l i p s o n  & M a n g a n ,  1 9 5 9 ) .  T h e  h e x o s a m i n e  a n d  m u c o p r o t e i n  c o n t e n t s  o f  

m i x e d  s a l i v a  h a v e  b e e n  s t u d i e d  b y  E m e r y  et a l .  ( 1 9 6 0 )  a n d  L y t t l e t o n  ( 1 9 6 0 ) .  V o l a t i l e  

f a t t y  a c i d s  a r e  p r e s e n t  i n  s a l i v a  a t  a b o u t  t h e i r  c o n c e n t r a t i o n  i n  t h e  b l o o d  ( A n n i s o n ,  

1 9 5 4 ) .

A l t h o u g h  r u m i n a n t  s a l i v a  c o n t a i n s  l i t t l e  o r  n o  d i a s t a s e  ( s e e  M a n g o ld ,  1 9 2 9 ,  p .  1 2 0 ) ,  

m i lk  t h a t  i s  s h a m - f e d  t o  c a l v e s  u n d e r g o e s  s o m e  l i p o l y s i s  ( W is e ,  M il le r  & A n d e r s o n ,

1 9 4 0 ) .  T h i s  i s  p r o b a b l y  d u e  t o  l i p o l y t i c  e n z y m e s  s e c r e t e d  b y  t h e  s u b m a x i l l a r y  g l a n d  

a n d  c e r t a i n  b u c c a l  a n d  o e s o p h a g e a l  g l a n d s  ( R a m s e y ,  W i s e  & T o v e ,  1 9 5 6 ;  R a m s e y  &  

Y o u n g ,  1 9 6 1 ) .  L e s s  l i p o l y t i c  a c t i v i t y  w a s  f o u n d  i n  a d u l t  c a t t l e  t h a n  i n  c a l v e s  

( R a m s e y  et a l .  1 9 5 6 )  a n d  n o n e  w a s  f o u n d  i n  s a l i v a  t a k e n  f r o m  a d u l t  s h e e p  ( G a r t o n ,  

H o b s o n  & L o u g h ,  1 9 5 8 ) .

P r o d u c t io n  o f  v o la t i le  f a t t y  a c id s  i n  the r u m e n

M o s t  o f  t h e  d i g e s t i b l e  c a r b o h y d r a t e  f e d  t o  r u m i n a n t s ,  i n c l u d i n g  c e l l u l o s e ,  i s  

f e r m e n t e d  t o  s t e a m - v o l a t i l e  f a t t y  a c i d s  i n  t h e  r u m e n .  A d d i t i o n a l  f a t t y  a c i d s ,  i n 

c l u d i n g  b r a n c h e d - c h a i n  f o r m s ,  a r e  p r o d u c e d  b y  d e a m i n a t i o n  o f  a m i n o  a c id s .  T h e  

p r o d u c t i o n  a n d  a b s o r p t i o n  o f  f a t t y  a c i d s  h a v e  r e c e n t l y  b e e n  r e v i e w e d  b y  A n n i s o n  & 

L e w i s  ( 1 9 5 9 ) ,  B a r n e t t  &  R e i d  ( 1 9 6 1 ) ,  B l a x t e r  ( 1 9 6 1 ,  1 9 6 2 )  a n d  D o b s o n  ( 1 9 6 1 )  a n d  

t h e  p o s i t i o n  n e e d  o n l y  b e  b r i e f l y  s u m m a r i z e d  h e r e .

B l a x t e r  ( 1 9 6 1 )  h a s  t a b u l a t e d  e s t i m a t e s  o f  t h e  a m o u n t s  o f  f a t t y  a c i d s  a b s o r b e d  

d a i l y  b y  s h e e p  o n  v a r i o u s  d i e t s .  F r o m  0 - 7 7  t o  2 - 5 2  m o l e s  o f  a c e t i c  a c i d  a r e  a b s o r b e d ,  

t o g e t h e r  w i t h  0 - 2 7 - 0 - 7 2  m o l e  o f  p r o p i o n i c  a c i d  a n d  0 - 1 1 - 0 - 6 9  m o l e  o f  b u t y r i c  a c id .  

T h e  t o t a l  a m o u n t  o f  f a t t y  a c i d  a b s o r b e d  b y  s h e e p  o n  m a i n t e n a n c e  r a t i o n s  i s  p r o b a b l y  

a  l i t t l e  o v e r  3  m o l e s  d a i l y  ( B l a x t e r  1 9 6 2 ,  p .  2 1 2 ) .  C a t t l e  p r o d u c e  a b o u t  t e n  t i m e s  t h i s  

a m o u n t .  D .  A .  B a l c h  ( 1 9 5 8 )  e s t i m a t e d  t h e  p r o d u c t i o n  o f  v o l a t i l e  f a t t y  a c i d s  in  

l a c t a t i n g  c o w s  b y  m u l t i p l y i n g  t h e  w e i g h t  o f  f o o d  d i g e s t e d  i n  t h e  r u m e n ,  m e a s u r e d  i n
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s a m p l e s  t a k e n  f r o m  n e a r  t h e  r e t i c u l o - o m a s a l  o r i f i c e ,  b y  t h e  a m o u n t s  o f  f a t t y  a c i d s  

t h a t  w o u l d  b e  p r o d u c e d  b y  t h i s  d e g r e e  o f  d i g e s t i o n ,  m e a s u r e d  b y  a n  i n  v i t r o  t e c h n i q u e .  

T h i s  g a v e  p r o d u c t i o n  r a t e s  o f  1 8 1 0 - 3 8 7 0  g  ( a b o u t  2 5 - 5 5  m o l e s )  d a i l y  f o r  d i e t s  o f  h a y  

a n d  c o n c e n t r a t e s . S t e w a r t  et a l .  ( 1 9 5 8 )  m u l t i p l i e d  f e r m e n t a t i o n  r a t e ,  m e a s u r e d  i n  v i t r o ,  

b y  r u m e n  f l u i d  v o l u m e ,  m e a s u r e d  d i r e c t l y ,  a n d  a r r i v e d  a t  s im i la r  f i g u r e s  f o r  s t e e r s ,  

c o r r e s p o n d i n g  t o  a b o u t  4 2 - 5 7  m o l e s  d a i l y .

T h e  c o n c e n t r a t i o n  o f  t o t a l  v o l a t i l e  f a t t y  a c i d s  i n  t h e  r u m e n  d e p e n d s  o n  t h e  f e e d  

i n t a k e .  W i l l i a m s  &  C h r i s t ia n  ( 1 9 5 6 )  f o u n d  t h e  c o n c e n t r a t i o n  t o  f a l l  f r o m  9 7  t o  7 1  m n / l  

a s  t h e  d r i e d  g r a s s  i n t a k e  o f  s h e e p  w a s  r e d u c e d  f r o m  1 0 0 0  t o  4 0 0  g  d a i l y .  T h e  c o n 

c e n t r a t i o n  a l s o  d e p e n d s  o n  t h e  n a t u r e  o f  t h e  d i e t ;  i t  i s  r o u g h l y  1 5 0  m M /1 i n  a n i m a l s  

g r a z i n g  f r e e l y  o r  f e d  r a t i o n s  h i g h  i n  c o n c e n t r a t e s ,  a b o u t  1 0 0 - 1 5 0  m M /1 i n  t h o s e  f e d  

h a y  o r  s i l a g e ,  a n d  i s  u s u a l l y  l e s s  t h a n  1 0 0  m M /1 w h e n  l a r g e  a m o u n t s  o f  m a i z e  a r e  f e d .  

A n n i s o n  & L e w i s  ( 1 9 5 9 ,  p .  6 1 )  l i s t e d  s o m e  o f  t h e  r e s u l t s  g i v e n  b y  v a r i o u s  a u t h o r s .  

T h e  m o l e c u l a r  p r o p o r t i o n s  o f  t h e  a c i d s  a l s o  v a r y .  A c e t i c  a c i d  u s u a l l y  a c c o u n t s  f o r  

t h e  m a j o r i t y  o f  t h e  f a t t y  a c i d  p r e s e n t ,  w i t h  p r o p i o n i c ,  b u t y r i c  a n d  v a l e r i c  a c i d s  c o n 

t r i b u t i n g  p r o g r e s s i v e l y  s m a l l e r  f r a c t io n s ,  b u t  t h e  r e l a t i v e  i m p o r t a n c e  o f  a c e t i c  a c i d  

i s  r a t h e r  l e s s  o n  h i g h  f o o d  i n t a k e s  ( W i l l i a m s  & C h r i s t ia n ,  1 9 5 6 ) .  D i e t s  r i c h  i n  s t a r c h  

r e d u c e  t h e  p H  o f  t h e  r u m e n  c o n t e n t s  a n d  i n c r e a s e  t h e  p r o p o r t i o n  o f  p r o p i o n i c  t o  

a c e t i c  a c i d .  B a l c h  & R o w l a n d  ( 1 9 5 7 )  a n d  R e i d ,  H o g a n  & B r ig g s  ( 1 9 5 7 )  a r g u e d  t h a t  

t h e  a c i d  c o n d i t i o n s  m a y  f a v o u r  a  m i c r o b i a l  p o p u l a t i o n  p r o d u c i n g  a n  u n u s u a l l y  h i g h  

p r o p o r t i o n  o f  p r o p i o n i c  a c id .  T h i s  s u g g e s t i o n  i s  n o t  s u p p o r t e d  b y  t h e  w o r k  o f  E m e r y  

& B r o w n  ( 1 9 6 1 )  w h o  f o u n d  t h a t  g r a i n  d i e t s  w e r e  a s s o c i a t e d  w i t h  a  l o w  m o la r  p r o p o r 

t i o n  o f  a c e t i c  a c i d  i n  t h e  r u m e n  w h e t h e r  t h e  r u m e n  p H  w a s  l o w  o r  w a s  r a i s e d  t o

6 -3  b y  a d d i t i o n  o f  b i c a r b o n a t e  s u p p l e m e n t s .

L a c t i c  a c i d  i s  a n  i n t e r m e d i a r y  i n  t h e  b r e a k d o w n  o f  a  s m a l l  f r a c t i o n  o f  c a r b o 

h y d r a t e  t o  f a t t y  a c i d s  ( J a y a s u r i y a  & H u n g a t e ,  1 9 5 9 )  a n d  l i t t l e  i s  f o u n d  i n  t h e  r u m e n  

o n  m o s t  d i e t s  ( s e e  p .  3 0 5 ) .  W h e n  l a r g e  a m o u n t s  o f  s t a r c h  o r  s u g a r  a r e  f e d  t h e  r a t e  o f  

p r o d u c t i o n  o f  l a c t i c  a c i d  e x c e e d s  i t s  r a t e  o f  d i s s i m i l a t i o n  s o  t h a t  t h e  c o n c e n t r a t i o n  

b u i l d s  u p  t o  a b o u t  7 0  m M /1 ( P h i l l i p s o n ,  1 9 5 2 )  o r  h i g h e r  ( B r ig g s ,  H o g a n  & R e i d ,  1 9 5 7 )  

a n d  t h e  p H  o f  t h e  r u m e n  c o n t e n t s  f a l l s  b e l o w  5 . O t h e r  i n t e r m e d i a r y  f a t t y  a c i d s ,  

i n c l u d i n g  f o r m i c  a c i d ,  m a y  s o m e t i m e s  b e  f o u n d  i n  v a n i s h i n g l y  s m a l l  c o n c e n t r a t i o n s  

a n d  t h e y  d i s a p p e a r  r a p i d l y  w h e n  a d d e d  t o  t h e  r u m e n .

F e r m e n t a t i o n  o f  t h e  f o o d  m a t e r i a l  l e a v i n g  t h e  r u m e n  i s  a r r e s t e d  b y  a c i d i f i c a t i o n  

a s  i t  p a s s e s  t h r o u g h  t h e  a b o m a s u m .  F a t t y  a c i d s  a r e  a g a i n  f o r m e d  b y  m i c r o b i a l  a c t i o n  

i n  t h e  a l k a l i n e  e n v i r o n m e n t  o f  t h e  l o w e r  i l e u m  a n d  l a r g e  i n t e s t i n e .  I n  r u m i n a n t s  t h i s  

s e c o n d  a t t a c k  o n  t h e  f o o d  r e s i d u e s  i s  p r o b a b l y  o f  l i t t l e  q u a n t i t a t i v e  i m p o r t a n c e  b u t  

i n  n o n - r u m i n a n t  h e r b i v o r e s  t h e  l a r g e  i n t e s t i n e  s e r v e s  a s  t h e  m a i n  v e s s e l  f o r  m i c r o b i a l  

d i g e s t i o n  ( H u n g a t e  et a l .  1 9 5 9 ) .

R e g u la t io n  o f  p H  i n  the r u m e n

T h e  p H  o f  t h e  r u m e n  c o n t e n t s  i s  u s u a l l y  b e t w e e n  5 -5  a n d  7 -3 .  L o w e r  p H  v a l u e s  a r e  

a l m o s t  a l w a y s  a s s o c i a t e d  w i t h  t h e  p r o d u c t i o n  o f  l a c t i c  a c i d  i n  t h e  r u m e n .  W i t h i n  t h e  

n o r m a l  r a n g e  t h e  p H  d e p e n d s  p r i n c i p a l l y  o n  t h e  b a l a n c e  a c h i e v e d  b e t w e e n  p r o d u c t i o n  

a n d  a b s o r p t i o n  o f  v o l a t i l e  f a t t y  a c i d s  a n d  t h e  b u f f e r in g  p o w e r  o f  t h e  r u m e n  c o n t e n t s .  

F a t t y  a c i d  c o n c e n t r a t i o n  a n d  b u f f e r i n g  p o w e r  v a r y  i n d e p e n d e n t l y  s o  t h a t  a  c l e a r  

c o r r e la t i o n  b e t w e e n  p H  a n d  t h e  c o n c e n t r a t i o n  o f  v o l a t i l e  f a t t y  a c i d s  i s  s e l d o m  s e e n
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e x c e p t  i n  t h e  r e c i p r o c a l  f l u c t u a t i o n s  o f  t h e  v a l u e s  t h a t  o c c u r  a f t e r  a  m e a l  ( P h i l l i p s o n ,  

1 9 4 2 ) .  I n  f a c t  W i l l i a m s  & C h r i s t ia n  ( 1 9 5 6 )  f o u n d  t h a t  w h e n  t h e  c o n c e n t r a t i o n  o f  

v o l a t i l e  f a t t y  a c i d s  i n  t h e  r u m e n  w a s  l o w e r e d  b y  r e d u c i n g  t h e  a m o u n t  o f  f o o d  e a t e n  

t h e r e  w a s  n o  c h a n g e  i n  t h e  r u m e n  p H  a t  a l l .  T h e  r e l a t i o n s h i p  o f  p H  t o  v o l a t i l e  f a t t y  

a c i d  c o n c e n t r a t i o n  v a r i e s  b e t w e e n  a n i m a l s  a n d  b e t w e e n  d i e t s  ( B a l c h  & R o w l a n d ,  1 9 5 7  ; 

B r ig g s ,  H o g a n  &  R e i d ,  1 9 5 7 )  a n d  c o n s i d e r a b l e  d a i l y  a n d  s e a s o n a l  v a r i a t i o n s  i n  p H  

m a y  o c c u r ,  a t  l e a s t  u n d e r  W e s t e r n  A u s t r a l i a n  c o n d i t i o n s ,  e v e n  t h o u g h  t h e  f o o d  i n t a k e  

i s  k e p t  n e a r l y  c o n s t a n t  ( N o t t l e ,  1 9 5 6 ) .

T h e  a c i d i t y  o f  t h e  r u m e n  c o n t e n t s  i n f l u e n c e s  t h e  r a t e  a n d  c o u r s e  o f  m i c r o b i a l  

m e t a b o l i s m ;  r e c e n t  w o r k  o n  t h i s  t o p i c  i s  r e v i e w e d  i n  P a r t  2 .  A  l o w  r u m e n  p H  

d e l a y s  t h e  e s t a b l i s h m e n t  o f  t h e  p r o t o z o a l  p o p u l a t i o n  i n  c a l v e s  (p .  2 9 0 )  a n d  g r e a t l y  

r e d u c e s  t h e  c i l i a t e  c o u n t  i n  s h e e p  ( P u r s e r  & M o ir ,  1 9 5 9 ) .  W h e n  d i e t s  c o n t a i n i n g  l a r g e  

a m o u n t s  o f  s u g a r  o r  s t a r c h  a r e  f e d  a  l a c t i c  f e r m e n t a t i o n  d e v e l o p s  i n  t h e  r u m e n ,  t h e  

p H  d r o p s  a n d  r u m i n a t i o n  a n d  r e t i c u l o r u m i n a l  c o n t r a c t i o n s  a r e  d e p r e s s e d  a n d  m a y  

s t o p  a l t o g e t h e r  ( H u n g a t e ,  D o u g h e r t y ,  B r y a n t  & C e l lo ,  1 9 5 2 ;  S c a r i s b r ic k ,  1 9 5 4 ) .  

A c e t i c  a c i d  h a s  s i m i l a r  e f f e c t s  w h e n  i n j e c t e d  i n t o  t h e  r u m e n  ( M a t s c h e r ,  1 9 5 8 ) .  

A s h  ( 1 9 5 9 )  p o u r e d  a c i d  s o l u t i o n s  i n t o  t h e  e m p t y  r u m e n  o f  c o n s c i o u s  s h e e p  a n d  f o u n d  

t h a t  r e t i c u l u m  c o n t r a c t i o n s  w e r e  r e f le x ]  y  in h i b i t e d  b y  a c e t i c ,  p r o p i o n i c  a n d  b u t y r i c  a c i d s  

a t  p H  3 -6  5 -0 ,  b y  l a c t i c  a c i d  a t  p H  2 - 5 ,  b u t  n o t  b y  c i t r i c  o r  h y d r o c h l o r i c  a c i d s  a t  s t i l l  

l o w e r  p H  v a l u e s .  H e  s u g g e s t e d  t h a t  r e c e p t o r s  a r e  p r e s e n t  i n  t h e  w a l l  o f  t h e  r u m e n  

w h i c h  a r e  s t i m u l a t e d  n o t  s o  m u c h  b y  p H  o f  t h e  r u m e n  c o n t e n t s  a s  b y  t h e  c o n c e n t r a 

t i o n  o f  u n i o n i z e d  v o l a t i l e  f a t t y  a c i d s ;  t h e s e  c a n  r e a c h  t h e  p o s t u l a t e d  r e c e p t o r s  b y  

r a p i d  p e n e t r a t i o n  o f  t h e  r u m e n  e p i t h e l i u m .

W h e n  u r e a  i s  g i v e n  i n t o  t h e  r u m e n  a s  a  d r e n c h  i t  i s  s w i f t l y  h y d r o l y s e d  b y  b a c t e r i a l  

a c t i o n  ; t h e  p H  a n d  c o n c e n t r a t i o n  o f  a m m o n i a  i n  t h e  r u m e n  r i s e  a n d  a r e  a s s o c i a t e d  

w i t h  s y m p t o m s  o f  u r e a  p o i s o n i n g .  C o o m b e  et a l .  ( 1 9 6 0 )  s h o w e d  t h a t  r u m i n a t i o n  

d e c l i n e d  w h e n  t h e  p H  r o s e  a b o v e  7 -0  a n d  r u m e n  m o v e m e n t s  s t o p p e d  a l t o g e t h e r  a t

7 - 3 .  L e  B a r s  & S i m o n n e t  ( 1 9 5 9 )  w e r e  a b l e  t o  m a t c h  t h e  s y m p t o m s  o f  u r e a  p o i s o n i n g  

b y  g i v i n g  i n t r a v e n o u s  i n j e c t i o n s  o f  a m m o n i u m  a c e t a t e  b u t  n o t  b y  i n j e c t i n g  u r e a .  

T h e y  t h e r e f o r e  s u g g e s t e d  t h a t  u r e a  p o i s o n i n g  i s  c a u s e d  b y  a m m o n i a  a f t e r  i t s  a b s o r p 

t i o n  f r o m  t h e  r u m e n .  A  h i g h  r u m e n  p H  i n  i t s e l f  h a s  a l m o s t  n o  e f f e c t  o n  r u m e n  

m o t i l i t y  ( A s h ,  1 9 5 9 ) ,  n e i t h e r  h a s  a  h i g h  r u m e n  a m m o n i a  c o n c e n t r a t i o n  b y  i t s e l f ;  

r u m e n  a m m o n i a  m a y  s a f e l y  r e a c h  h i g h  c o n c e n t r a t i o n s  w h e n  p r o t e i n - r i c h  d i e t s  a r e  

f e d  s i n c e  t h e  s i m u l t a n e o u s  r e l e a s e  o f  f a t t y  a c i d s  n e u t r a l i z e s  t h e  a m m o n i a  a n d  p r e 

v e n t s  m o r e  t h a n  a  f r a c t i o n a l  i n c r e a s e  i n  p H  ( B r ig g s ,  H o g a n  & R e i d ,  1 9 5 7 ) .  H o g a n

( 1 9 6 1 )  h a s  s h o w n  t h a t  a m m o n i a  i s  a b s o r b e d  f r o m  t h e  r u m e n  e i t h e r  a s  u n i o n i z e d  N H 3 , 

o r  a s  N H 4+  i n  a s s o c i a t i o n  w i t h  a c e t a t e .  T h e  p K  v a l u e  f o r  a m m o n i a  i n  s o l u t i o n  i s  h i g h ,  

a b o u t  9 -3 ,  s o  t h a t  t h e  p r o p o r t i o n  o f  t o t a l  a m m o n i a  p r e s e n t  a s  N H ;j w i l l  in c r e a s e  a s  t h e  

r u m e n  p H  r i s e s .  C o o m b e  et a l .  ( 1 9 6 0 )  s u g g e s t e d  t h a t  o n l y  w h e n  b o t h  t h e  t o t a l  a m m o n i a  

c o n c e n t r a t i o n  a n d  t h e  p H  i n  t h e  r u m e n  a r e  h i g h  w i l l  t h e  c o n c e n t r a t i o n  g r a d i e n t  

f o r c i n g  N H 3 f r o m  r u m e n  t o  b l o o d  c a u s e  s u c h  r a p i d  a b s o r p t i o n  o f  a m m o n i a  t h a t  s o m e  

e v a d e s  c o n v e r s i o n  t o  u r e a  b y  t h e  l i v e r  a n d  p a s s e s  i n t o  t h e  p e r i p h e r a l  c i r c u l a t i o n .  T h e  

r e l a t i o n  o f  r u m e n  a m m o n i a  c o n c e n t r a t i o n s  t o  b l o o d  a m m o n i a  a n d  u r e a  l e v e l s  a n d  t h e  

a c i d - b a s e  s t a t u s  o f  t h e  b l o o d  w e r e  d i s c u s s e d  f u r t h e r  b y  A n n i s o n  & L e w i s  ( 1 9 5 9 )  a n d  
b y  L e w i s  ( 1 9 6 1 ) .

T u r n e r  &  H o d g e t t s  ( 1 9 5 5 )  s h o w e d  t h a t  s h e e p  r u m e n  c o n t e n t s  a r e  w e l l  b u f f e r e d
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a g a i n s t  a d d i t i o n  o f  a c i d  b u t  p o o r l y  b u f f e r e d  a g a i n s t  a l k a l i .  B i c a r b o n a t e  a n d  p h o s p h a t e  

a c c o u n t  f o r  m o s t  o f  t h e  b u f f e r i n g  p o w e r  w i t h i n  t h e  n o r m a l  p H  r a n g e  o f  t h e  r u m e n  

a n d  w e r e  a l m o s t  e q u a l l y  i m p o r t a n t .  B e l o w  p H  5 -5  t h e  b u f f e r in g  i s  l a r g e l y  d u e  t o  

f a t t y  a c i d s .  P a r t i c u l a t e  m a t t e r  h a s  l i t t l e  b u f f e r in g  a c t i o n .  T h e  i m p o r t a n c e  o f  s a l i v a  

a s  a  s o u r c e  o f  t h e  b u f f e r s  p r e s e n t  i n  t h e  r u m e n  h a s  o f t e n  b e e n  s t r e s s e d  f o r  i t  s u p p l i e s  

a  l a r g e  a m o u n t  o f  b i c a r b o n a t e  a n d  a l m o s t  a l l  o f  t h e  i n o r g a n i c  p h o s p h a t e  f o u n d  i n  t h e  

r u m e n .  T h e  t o t a l  a m o u n t  o f  p h o s p h a t e  s e c r e t e d  d a i l y  i n  t h e  s a l i v a  o f  c a t t l e ,  f o r  

e x a m p l e ,  b a s e d  o n  m e a s u r e m e n t s  o f  t h e  v o l u m e  a n d  c o m p o s i t i o n  o f  m i x e d  s a l i v a  

g i v e n  b y  B a i l e y  ( 1 9 6 1 a )  a n d  B a i l e y  & B a l c h  ( 1 9 6 1 6 ) ,  i s  f r o m  2 -5  t o  5 -0  e q u i v . ,  a n d  t h e  

t o t a l  a m o u n t  o f  b i c a r b o n a t e  s e c r e t e d  i s  f r o m  1 2  t o  2 4  e q u i v .  ( 1 - 2  k g  o f  s o d i u m  

b i c a r b o n a t e )  a  g r e a t  i n c r e a s e  o n  M a r k o f f ’s  e a r l i e r  e s t i m a t e  o f  3 0 0  g  o f  s o d i u m  

c a r b o n a t e  (M a r k o f f ,  1 9 1 3 ) .  I m p r e s s i v e  a s  t h e s e  q u a n t i t i e s  a r e ,  t h e y  a r e  n o t  s u f f i c i e n t  

t o  n e u t r a l i z e  a l l  t h e  f a t t y  a c i d  p r o d u c e d ;  A s h  & D o b s o n  ( 1 9 6 3 )  h a v e  c a l c u l a t e d  t h a t  

t h e  a m o u n t  o f  a l k a l i  s e c r e t e d  i n  t h e  s a l i v a  o f  s h e e p  i s  o n l y  e n o u g h  t o  r a i s e  a b o u t  o n e -  

t h i r d  o f  t h e  f a t t y  a c i d s  f o r m e d  i n  t h e  r u m e n  t o  t h e  n o r m a l  p H  o f  a b o u t  6 -5 .  T h e  

b u f f e r s  s e c r e t e d  i n  t h e  s a l i v a ,  t o g e t h e r  w i t h  a n y  b u f f e r s  d e r i v e d  f r o m  t h e  f o o d ,  m a y  

t h e r e f o r e  r e p r e s e n t  o n l y  a  f i r s t  l i n e  o f  d e f e n c e  a g a i n s t  e x c e s s i v e  a c i d i t y  i n  t h e  r u m e n ,  

n e u t r a l i z i n g  t h e  s p u r t s  o f  a c i d  p r o d u c e d  a f t e r  f e e d i n g ,  w h i l e  t h e  b u l k  o f  t h e  a c i d  i s  

r e m o v e d  b y  a b s o r p t i o n  ( s e e  b e l o w ) .

T h e  p a r t  p l a y e d  b y  s a l i v a  i s  p e r h a p s  o v e r - e m p h a s i z e d  b y  M c M a n u s  ( 1 9 6 2 )  w h o  

f o u n d  t h a t  w h e n  s a l i v a  i s  p r e v e n t e d  f r o m  e n t e r i n g  t h e  r u m e n  a f t e r  a  m e a l  t h e  v o l a t i l e  

f a t t y  a c i d  c o n c e n t r a t i o n  i n  t h e  r u m e n  r i s e s  a n d  t h e  p H  f a l l s  t o  g r e a t e r  e x t e n t s  t h a n  

a r e  f o u n d  i n  t h e  c o n s c i o u s  a n d  u n r e s t r a i n e d  s h e e p .  S i n c e  a l l  b u t  o n e  o f  t h e  s h e e p  

u s e d  h a d  t o  b e  e i t h e r  a n a e s t h e t i z e d  o r  g a g g e d  a n d  h e l d  o n  o n e  s i d e  i n  o r d e r  t o  r e m o v e  

t h e  s a l i v a ,  i t  i s  n o t  p o s s i b l e  t o  s a y  w h e t h e r  t h e  a b n o r m a l  c o n d i t i o n s  i n  t h e  r u m e n  

w e r e  d u e  w h o l l y  t o  l o s s  o f  s a l i v a  o r  w h e t h e r  s o m e  u n m e a s u r e d  a l t e r a t i o n ,  s u c h  a s  

a  r e d u c t i o n  i n  r u m e n  b l o o d  f lo w  a n d  f a t t y  a c i d  a b s o r p t i o n ,  o r  i n  t h e  m i x i n g  a n d  

o u t f l o w  o f  t h e  r u m e n  c o n t e n t s ,  a l s o  i n f l u e n c e d  t h e  r e s u l t s .  T h i s  c r i t i c i s m  d o e s  n o t  

a p p l y  t o  t h e  o n e  e x p e r i m e n t  i n  w h i c h  s a l i v a  w a s  r e m o v e d  f r o m  a  s h e e p  t h r o u g h  a n  

o e s o p h a g e a l  f i s t u l a ,  a n d  f u r t h e r  e x p e r i m e n t s  o f  t h i s  k i n d  s h o u l d  g i v e  i n t e r e s t i n g  

r e s u l t s .  I n  t h e  e x p e r i m e n t s  o f  B a i l e y  & B a l c h  ( 1 9 6 1 6 )  t h e  p H  o f  t h e  r u m e n  c o n t e n t s  

o n  v a r i o u s  d i e t s  d i d  n o t  s e e m  t o  b e  r e l a t e d  t o  t h e  r a t e s  o f  s e c r e t i o n  o f  s a l i v a  a t  a l l ,  

b u t  t h i s  m a y  h a v e  b e e n  b e c a u s e  o t h e r  v a r i a b l e s ,  s u c h  a s  f a t t y  a c id  p r o d u c t i o n ,  

o b s c u r e d  t h e  r e l a t i o n s h i p .

F a t t y  a c i d s  t h a t  a r e  n o t  n e u t r a l i z e d  b y  s a l i v a  a r e  m o s t l y  n e u t r a l i z e d  b y  t h e  b l o o d  

a f t e r  b e i n g  a b s o r b e d  t h r o u g h  t h e  r u m e n  w a l l  i n  t h e i r  a s s o c i a t e d  a c i d  f o r m .  F a t t y  

a c i d s  p a s s  t h r o u g h  t h e  r u m e n  e p i t h e l i u m  i n  e i t h e r  d i r e c t i o n  d o w n  t h e i r  c o n c e n t r a t i o n  

g r a d i e n t s .  T h e i r  a b s o r p t i o n  h a s  b e e n  r e v i e w e d  b y  D o b s o n  ( 1 9 6 1 ) .  D a n i e l l i ,  H i t c h 

c o c k ,  M a r s h a l l  &  P h i l l i p s o n  ( 1 9 4 5 )  f i r s t  s h o w e d  t h a t  w h e n  v o l a t i l e  f a t t y  a c i d s  a r e  

i n t r o d u c e d  i n t o  t h e  i s o l a t e d  r u m e n  a t  a  p H  b e l o w  6  t h e y  a r e  a b s o r b e d  p r e d o m i n a n t l y  

i n  t h e  a s s o c i a t e d  s t a t e  a n d  m o r e  a c i d  h a s  t o  b e  a d d e d  t o  p r e v e n t  t h e  p H  f r o m  r i s in g .  

T h i s  i n d i c a t e s  a  w a y  i n  w h i c h  a c i d  a b s o r p t i o n ,  t o g e t h e r  w i t h  s a l i v a r y  b u f f e r s ,  c o u l d  

h o l d  t h e  p H  o f  t h e  r u m e n  b e t w e e n  5  a n d  6 , a s  o c c u r s  w h e n  c a r b o h y d r a t e - r i c h  d i e t s  

a r e  f e d .  A t  f i r s t  s i g h t ,  h o w e v e r ,  i t  d o e s  n o t  r e a d i l y  e x p l a i n  h o w  o n  r o u g h a g e  d i e t s  

t h e  p H  c a n  b e  h e l d  a b o v e  6 , a t  w h i c h  l e v e l  t h e  f a t t y  a c i d s  a r e  l a r g e l y  i o n i z e d .  F a t t y  

a c i d s  a r e  a b s o r b e d  m o r e  s l o w l y  a t  a  h i g h  p H ,  a n d  D a n i e l l i  et a l .  ( 1 9 4 5 )  s u g g e s t e d  t h a t

P hysio logy



t h i s  i s  b e c a u s e  t h e  r u m e n  e p i t h e l i u m  i s  l e s s  p e r m e a b l e  t o  i o n i z e d  f a t t y  a c i d  r a d i c a l  

t h a n  t o  a s s o c i a t e d  f a t t y  a c i d .  M a s s o n  & P h i l l i p s o n  ( 1 9 5 1 )  f o u n d  t h a t  f a t t y  a c i d s  w e r e  

a b s o r b e d  f r o m  a l k a l i n e  s o l u t i o n s  p l a c e d  i n  t h e  i s o l a t e d  r u m e n ,  a n d  a t  t h e  s a m e  t i m e  

b i c a r b o n a t e  a n d  c h l o r i d e  a p p e a r e d  i n  t h e  s o l u t i o n ,  o n e  m o l e c u l e  o f  b i c a r b o n a t e  

r e p l a c i n g  t w o  o f  f a t t y  a c id .  T h i s  s u g g e s t s  t h a t  b i c a r b o n a t e  m a y  b e  s e c r e t e d  i n t o  t h e  

r u m e n  a n d  A s h  & D o b s o n  ( 1 9 6 3 )  h a v e  s h o w n  t h a t  t h e  r u m e n  e p i t h e l i u m  i s  i n d e e d  

p e r m e a b l e  t o  b o t h  C 0 2 a n d  b i c a r b o n a t e ,  w h i c h  d i f f u s e  d o w n  t h e i r  c h e m i c a l  o r  e l e c t r o 

c h e m i c a l  g r a d i e n t s  i n  e i t h e r  d i r e c t i o n ,  b u t  i s  o n l y  n e g l i g i b l y  p e r m e a b l e  t o  h y d r o g e n  

i o n .  T h e y  s u g g e s t ,  n e v e r t h e l e s s ,  t h a t  m o s t  o f  t h e  b i c a r b o n a t e  t h a t  a p p e a r s  i n  t h e  

r u m e n  w h e n  f a t t y  a c i d s  a r e  a b s o r b e d  i s  n o t  s e c r e t e d  i n t o  t h e  r u m e n  a s  s u c h ,  b u t  t h a t  

d i s s o l v e d  C 0 2 d i f f u s i n g  i n t o  t h e  r u m e n  d i s s o c i a t e s  i n t o  b i c a r b o n a t e  a n d  h y d r o g e n  i o n ; 

t h e  h y d r o g e n  i o n  t h e n  c o m b i n e s  w i t h  f a t t y  a c i d  r a d i c a l s  a n d  i s  a b s o r b e d  a s  f r e e  f a t t y  

a c i d .  I n  t h e  i n t a c t  s h e e p ,  o f  c o u r s e ,  t h e  C 0 2 w o u l d  b e  p r o d u c e d  w i t h i n  t h e  r u m e n .  

I f  t h i s  i s  t h e  c a s e ,  i t  i s  a  wra y  i n  w h i c h  t h e  r u m e n  e p i t h e l i u m  m a y  r e m o v e  l a r g e  

a m o u n t s  o f  f a t t y  a c i d s  i n  u n i o n i z e d  f o r m  b y  a b s o r p t i o n  e v e n  a t  f a i r l y  h i g h  p H  v a l u e s .  

F a t t y  a c i d  t h a t  i s  a b s o r b e d  i n  t h e  i o n i z e d  s t a t e  i s  l a r g e l y  b a l a n c e d  b y  N a +  a b s o r p t i o n .

A s  t h e  r u m e n  p H  f a l l s  t h e  a m o u n t  o f  a c i d  t h a t  c a n  b e  n e u t r a l i z e d  b y  s a l i v a  a n d  t h e  

r a t e  o f  a c i d  a b s o r p t i o n  a r e  l i k e l y  t o  i n c r e a s e .  I n c r e a s e d  a b s o r p t i o n  o f  a c i d  w i l l  a l s o  

s t i m u l a t e  t h e  b l o o d  f lo w  t o  t h e  r u m e n  ( D o b s o n  & P h i l l i p s o n ,  1 9 5 6 ) .  T h e  d i s o r d e r s  o f  

t h e  r u m e n  t h a t  o c c a s i o n a l l y  d e v e l o p  w h e n  h i g h l y  d i g e s t i b l e  a n d  f i n e ly  d i v i d e d  d i e t s  

a r e  e a t e n  n e v e r t h e l e s s  i n d i c a t e  a  f a i lu r e  t o  d e a l  a d e q u a t e l y  w i t h  t h e  i n c r e a s e d  

f o r m a t i o n  o f  a c i d  i n  t h e  r u m e n ,  a n d  t h e  a d d i t i o n  o f  s o d i u m  b i c a r b o n a t e  o r  o t h e r  

a l k a l i  t o  t h e  d i e t  i s  s o m e t i m e s  b e n e f i c i a l .  S o m e  o f  t h e  e x t e n s i v e  w o r k  o n  t h i s  s u b j e c t  

i s  r e f e r r e d  t o  i n  r e c e n t  p a p e r s  b y  N i c h o l s o n ,  C u n n in g h a m  & F r i e n d  ( 1 9 6 2 ) .  M o r e  

p r e c i s e  m e a s u r e m e n t  o f  t h e  b u f f e r in g  p o w e r  o f  t h e  r u m e n  f l u i d  m a y  h e l p  t o  d e f in e  

s o m e  o f  t h e  p r o b l e m s  a s s o c i a t e d  w i t h  i n t e n s i v e  f e e d i n g .

L a c t i c  a c i d  i s  n o t  l i k e l y  t o  b e  a b s o r b e d  f r o m  t h e  r u m e n  a t  a l l  r a p i d l y .  I t s  l i p i d  

s o l u b i l i t y  i s  l o w e r  t h a n  t h a t  o f  a c e t i c  a c i d  a n d  i t s  p K  i s  a l m o s t  o n e  u n i t  l o w e r  ( a b o u t

3 -8 )  s o  t h a t  v e r y  l i t t l e  u n i o n i z e d  l a c t i c  a c i d  w i l l  b e  p r e s e n t  e v e n  a t  t h e  l o w  r u m e n  

p H  v a l u e s  f o u n d  d u r i n g  a c i d  i n d i g e s t i o n .

H u e t e r ,  S h a w  & D o e t s c h  ( 1 9 5 6 )  f o u n d  t h a t  b l o o d  l a c t a t e  c o n c e n t r a t i o n s  b e g a n  t o  

r i s e  s h a r p l y  s o  s o o n  ( h a l f  a n  h o u r )  a f t e r  p l a c i n g  l a r g e  a m o u n t s  o f  s o d i u m  l a c t a t e ,  e t c . ,  

i n t o  t h e  r u m e n  t h a t  t h e y  s u g g e s t e d  t h a t  s o m e  o f  t h e  l a c t a t e  w a s  a b s o r b e d  d i r e c t l y  

f r o m  t h e  r u m e n .  A  m o r e  l i k e l y  e x p l a n a t i o n  s e e m s  t o  b e  t h a t  t h e  l a c t a t e  w a s  

a b s o r b e d  lo w e r  d o w n  t h e  d i g e s t i v e  t r a c t ,  f o r  D o b s o n  & P h i l l i p s o n  ( 1 9 5 6 )  c o u l d  f in d  

n o  e v i d e n c e  f o r  a b s o r p t i o n  o f  l a c t a t e  f r o m  t h e  i s o l a t e d  r u m e n  u s i n g  s o l u t i o n s  b u f f e r e d  

a t  p H  4 .  A b s o r p t i o n  o f  l a c t a t e  i o n  w i l l  n o t  h e l p  t o  r e d u c e  t h e  a c i d i t y  o f  t h e  r u m e n  

c o n t e n t s ,  o f  c o u r s e .

S m i t h ,  K l e i b e r ,  B l a c k  & B a x t e r  ( 1 9 5 5 )  m e a s u r e d  t h e  s e c r e t i o n  o f  i s o t o p i c  p h o s 

p h o r u s  i n t o  t h e  r u m e n  c o n t e n t s  a n d  a r g u e d  t h a t  t h e  a m o u n t  t r a n s f e r r e d  w a s  g r e a t e r  

t h a n  c o u l d  b e  f u l l y  a c c o u n t e d  f o r  b y  s a l i v a r y  s e c r e t i o n  ( w h ic h  w a s  n o t  i n d e p e n d e n t l y  

m e a s u r e d ) .  T h e y  t h e r e f o r e  p r o p o s e d  t h a t  s u b s t a n t i a l  a m o u n t s  o f  p h o s p h a t e  m u s t  

e n t e r  t h e  r u m e n  t h r o u g h  t h e  r u m e n  e p i t h e l i u m .  T h i s  s e e m s  m o s t  u n l i k e l y ,  f o r  b o t h  

c o n c e n t r a t i o n  a n d  p o t e n t i a l  g r a d i e n t s  s t r o n g l y  o p p o s e  s u c h  a  m o v e m e n t  o f  p h o s p h a t e  

t h r o u g h  t h e  r u m e n  e p i t h e l i u m  w h i c h  in  a n y  c a s e  i s  o n l y  v e r y  s l i g h t l y  p e r m e a b l e  t o  

t h i s  i o n  i n  e i t h e r  d i r e c t i o n  ( H y d e n ,  1 9 6 1 c ; A s h  & D o b s o n ,  1 9 6 3 ) .  H a p p i l y ,  t h e  u p w a r d
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r e v i s i o n  o f  s a l i v a r y  s e c r e t i o n  r a t e s  s i n c e  1 9 5 5  m a k e s  i t  p o s s i b l e  t o  a c c o u n t  f o r  t h e  

p h o s p h a t e  t u r n o v e r  r a t e s  o f  S m i t h  et a l .  ( 1 9 5 5 )  w i t h o u t  i n v o k i n g  s e c r e t i o n  o f  p h o s 
p h a t e  b y  t h e  r u m e n .

O s m o t ic  p r e s s u r e  a n d  s a lt  c o n c e n t r a t io n s  i n  the r u m e n

T h e  o s m o t i c  p r e s s u r e  o f  t h e  r u m e n  c o n t e n t s  a n d  t h e  p a s s a g e  o f  w a t e r  t h r o u g h  t h e  

r u m e n  e p i t h e l i u m  h a v e  r e c e i v e d  l i t t l e  a t t e n t i o n ,  a l t h o u g h  t h e y  m a y  w e l l  i n f l u e n c e  

t h e  v o l u m e  o f  t h e  r u m e n  c o n t e n t s  a n d  t h e  o u t f l o w  o f  r u m e n  f lu id  t o  t h e  o m a s u m  

( M u r r a y  et a l .  1 9 6 2 ) .  T h e  w o r k  o f  P a r t h a s a r a t h y  & P h i l l i p s o n  ( 1 9 5 3 )  s u g g e s t s  t h a t  t h e  

r u m e n  c o n t e n t s  t e n d  t o w a r d s  i s o t o n i c i t y  w i t h  t h e  b l o o d .  S o l u t i o n s  t h a t  w e r e  h y p o 

t o n i c  o r  i s o t o n i c  t o  s e r u m  l o s t  w a t e r  w h e n  p u t  i n t o  t h e  i s o l a t e d  r u m e n s  o f  a n a e s t h e 

t i z e d  s h e e p  w h i l e  h y p e r t o n i c  s o l u t i o n s  g a i n e d  w a t e r .  S o l u t e s  w e r e  a l s o  a b s o r b e d  

f r o m  a l l  t h e  s o l u t i o n s  i n  a m o u n t s  t h a t  i n c r e a s e d  w i t h  t h e  t o n i c i t y ,  b u t  t h i s  d i d  n o t  

o b s c u r e  t h e  f a c t  t h a t  w a t e r  m o v e d  a c r o s s  t h e  r u m e n  e p i t h e l i u m  a s  a  r e s u l t  o f  o s m o t i c  

g r a d i e n t s .  F u r t h e r  o b s e r v a t i o n s  s h o w e d  t h a t  t h e  r u m e n  c o n t e n t s  o f  s h e e p  o n  d i e t s  

o f  h a y  o r  h a y  a n d  o a t s  h a d  o s m o t i c  p r e s s u r e s  w i t h i n  a b o u t  2 0  %  o f  t h a t  o f  s e r u m ,  

a l t h o u g h  a  m a i n t a i n e d  r i s e  w i t h i n  t h i s  r a n g e  o c c u r r e d  a f t e r  f e e d i n g  l i n s e e d  m e a l .  

T h r e e  m e c h a n i s m s  m a y  t h u s  a c c o u n t  f o r  t h e  n e a r  i s o t o n i c i t y  o f  r u m e n  c o n t e n t s : t h e  

p e r m e a b i l i t y  o f  t h e  r u m e n  e p i t h e l i u m  t o  w a t e r ,  t h e  a b s o r p t i o n  o f  s a l t s  b y  t h e  r u m e n  

e p i t h e l i u m ,  a n d  t h e  s e c r e t i o n  o f  l a r g e  v o l u m e s  o f  n e a r l y  i s o t o n i c  s a l i v a .

I f  t h e  r u m e n  c o n t e n t s  a r e  t o  r e m a i n  i s o t o n i c  a n y  s o l u t e s  a b s o r b e d ,  o t h e r  t h a n  

f e r m e n t a t i o n  p r o d u c t s ,  m u s t  b e  a c c o m p a n i e d  b y  a n  a p p r o p r i a t e  v o l u m e  o f  w a t e r .  I t  

i s  i n t e r e s t i n g  t o  n o t e  t h a t  H y d e n ’s  e s t i m a t e  o f  t h e  r a t e  o f  a b s o r p t i o n  o f  w a t e r  f r o m  

t h e  r u m e n  c o n t e n t s ,  0 T 5  1/h  ( H y d e n ,  1 9 6 1 c ) ,  c o r r e s p o n d s  t o  3 -6  1 d a i l y  a n d  i s  e n o u g h  

t o  r e n d e r  r o u g h l y  i s o t o n i c  t h e  6 0 0  m - e q u i v .  o f  s o d i u m  ( p lu s  a n io n )  t h a t  D o b s o n  ( 1 9 5 9 )  

e s t i m a t e d  i s  a b s o r b e d  f r o m  t h e  r u m e n .  V o l a t i l e  f a t t y  a c i d s  a n d  o t h e r  f e r m e n t a t i o n  

p r o d u c t s  t h a t  a r e  c o n t i n u o u s l y  f o r m e d  i n  t h e  r u m e n  a n d  a b s o r b e d  f r o m  i t  w o u l d  b e  

e x p e c t e d  t o  h a v e  l i t t l e  l o n g - t e r m  e f f e c t  o n  t h e  o s m o t i c  p r e s s u r e  a n d  w a t e r  b a l a n c e  o f  

t h e  r u m e n ;  i n t e r m i t t e n t  s u r g e s  o f  f e r m e n t a t i o n  m a y  h a v e  m o r e  s u b s t a n t i a l  e f f e c t s .  

U n a b s o r b e d  f a t t y  a c i d s  w i l l  o n l y  i n c r e a s e  t h e  n u m b e r  o f  o s m o t i c a l l y  a c t i v e  p a r t i c l e s  

in  s o l u t i o n  t o  t h e  e x t e n t  t h a t  t h e y  a r e  n o t  n e u t r a l i z e d  o r  a r e  n e u t r a l i z e d  b y  H P 0 42~  

t o  g i v e  H 2P 0 4~  p l u s  a c i d  r a d i c a l ,  f o r  n e u t r a l i z a t i o n  b y  H C 0 3~  i s  a c c o m p a n i e d  b y  t h e  

e v o l u t i o n  o f  g a s e o u s  C 0 2 .

I f  t h e  i s o t o n i c i t y  o f  t h e  r u m e n  c o n t e n t s  i s  d u e  m a i n l y  t o  t h e  p e r m e a b i l i t y  o f  t h e  

r u m e n  e p i t h e l i u m  t o  w a t e r ,  t h e n  t h e  r a t e  a t  w h i c h  r u m e n  f lu id  p a s s e s  o n  t o  t h e  o m a s u m  

w i l l  d e p e n d  m o r e  o n  t h e  a m o u n t  o f  s a l t s  t h a t  e n t e r  t h e  r u m e n  t h a n  o n  t h e  w a t e r  

i n t a k e .  H i n t s  t h a t  t h i s  m a y  b e  t h e  c a s e  a r e  p r o v i d e d  b y  o b s e r v a t i o n s  t h a t  t h e  r a t e  o f  

p a s s a g e  o f  f o o d  t h r o u g h  t h e  r u m e n  i s  a c c e l e r a t e d  b y  i n c l u d i n g  l a r g e  a m o u n t s  o f  N a C l  

in  t h e  d i e t  ( E l a m ,  1 9 6 1 ) ,  a n d ,  c o n v e r s e l y ,  t h a t  t h e  a d d i t i o n  o f  4  o r  8  1 o f  w a t e r  t o  t h e  

r u m e n  d a i l y  c a u s e s  o n l y  v e r y  s l i g h t  i n c r e a s e s  i n  f o o d  i n t a k e  ( L l o y d  D a v i e s ,  1 9 6 2 ) .  O n  

m o s t  d r y  d i e t s  s a l i v a  w i l l  s u p p l y  m o s t  o f  t h e  s a l t s  e n t e r i n g  t h e  r u m e n  s o  t h a t  t h e  

o n w a r d  f lo w  o f  r u m e n  f l u i d  w i l l  r e f l e c t  t h e  r a t e  o f  s a l i v a r y  s e c r e t i o n .  A b s o r p t i o n  o f  

s o d i u m  b y  t h e  r u m e n  e p i t h e l i u m  w i l l  l e s s e n  t h i s  e f f e c t  o f  s a l i v a ,  e s p e c i a l l y  w h e n  g r e e n  

f o r a g e s  c o n t a i n i n g  l a r g e  a m o u n t s  o f  p o t a s s i u m  a r e  e a t e n  ( s e e  p .  2 8 4 ) .

T h e  c o n c e n t r a t i o n s  o f  i n d i v i d u a l  e l e c t r o l y t e s  i n  t h e  r u m e n  c o n t e n t s  d e p e n d  l a r g e l y  

o n  t h e  a m o u n t s  o f  s a l t s  a n d  w a t e r  t h a t  a r e  i n g e s t e d ,  t h e  a m o u n t s  s e c r e t e d  i n  t h e
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s a l i v a ,  a n d  t h e  a m o u n t s  a b s o r b e d  b y  t h e  r u m e n  e p i t h e l i u m .  D o b s o n  & P h i l l i p s o n  

( 1 9 5 8 )  a n d  D o b s o n  ( 1 9 5 9 )  h a v e  m e a s u r e d  t h e  m o v e m e n t s  o f  s o d i u m ,  p o t a s s i u m ,  

c h l o r i d e  a n d  w a t e r  a c r o s s  t h e  e p i t h e l i u m  o f  t h e  i s o l a t e d  r u m e n  i n  a n a e s t h e t i z e d  s h e e p .  

E l e c t r o l y t e  m o v e m e n t s  w e r e  a f f e c t e d  n o t  o n l y  b y  t h e  p e r m e a b i l i t y  o f  t h e  e p i t h e l i u m  

a n d  t h e  c o n c e n t r a t i o n  g r a d i e n t ,  b u t  a l s o  b y  t h e  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  r u m e n  

c o n t e n t s  a n d  b l o o d ,  i n  w h i c h  b l o o d  i s  n o r m a l l y  a b o u t  3 0  m V  p o s i t i v e .  S o d i u m  i s  

a b s o r b e d  i n  l a r g e  a m o u n t s  d e s p i t e  a n  u n f a v o u r a b l e  e l e c t r o c h e m i c a l  g r a d i e n t ,  s o  t h a t  

s o m e  o t h e r  f o r c e  m u s t  b e  a c t i n g  u p o n  i t .  S i n c e  t h e  a b s o r p t i o n  o f  s o d i u m  i s  b a l a n c e d  

e l e c t r i c a l l y  b y  a b s o r p t i o n  o f  a c e t a t e  t o  a  c o n s i d e r a b l e  e x t e n t ,  t h e  f a c t o r s  t h a t  g o v e r n  

t h e  a m o u n t  o f  a c e t a t e  a b s o r b e d  ( c o n c e n t r a t i o n ,  p H ,  e t c . )  m a y  a l s o  i n f l u e n c e  s o d i u m  

a b s o r p t i o n ;  t h i s  p o s s i b i l i t y  c a l l s  f o r  e x p l o r a t i o n .  P o t a s s i u m  i s  a b s o r b e d  i n  m u c h  

s m a l l e r  a m o u n t s  d o w n  a  f a v o u r a b l e  e l e c t r o c h e m i c a l  g r a d i e n t .  C h lo r id e  p a s s e s  

t h r o u g h  t h e  r u m e n  e p i t h e l i u m  i n  e i t h e r  d i r e c t i o n  d o w n  i t s  e l e c t r o c h e m i c a l  g r a d i e n t ,  

b u t  m a y  e n t e r  t h e  r u m e n  s l i g h t l y  a g a i n s t  i t s  e l e c t r o c h e m i c a l  g r a d i e n t  w h e n  t h e  

p o t a s s i u m  c o n c e n t r a t i o n  i s  h i g h .  T h e  e l e c t r o c h e m i c a l  g r a d i e n t  o n l y  f a v o u r s  c h l o r i d e  

a b s o r p t i o n  w h e n  t h e  c o n c e n t r a t i o n  o f  c h lo r id e  i n  t h e  r u m e n  e x c e e d s  a b o u t  3 0  m -  

e q u i v . / l ,  w h i c h  s e l d o m  h a p p e n s ,  b u t  i n  f a c t  H y d e n  ( 1 9 6 1 c )  o b s e r v e d  n e t  c h lo r id e  

a b s o r p t i o n  a t  l o w e r  c o n c e n t r a t i o n s .  H y d e n  m a d e  h i s  m e a s u r e m e n t s  o n  c o n s c i o u s  

s h e e p ,  u s i n g  p o l y e t h y l e n e  g l y c o l  a s  a  m a r k e r .  H i s  o b s e r v a t i o n s  o n  s o d i u m  a n d  

p o t a s s i u m  a b s o r p t i o n  f r o m  t h e  r u m e n  a r e  s i m i l a r  t o  D o b s o n ’s ,  a n d  h e  a l s o  s h o w e d  

t h a t  v i r t u a l l y  n o  p h o s p h a t e  i s  a b s o r b e d .

T h e r e  i s  n o  s i g n i f i c a n t  n e t  m o v e m e n t  o f  c a l c i u m  a n d  m a g n e s i u m  t h r o u g h  t h e  r u m e n  

e p i t h e l i u m  ( s e e  R o o k  &  S t o r r y ,  1 9 6 2 )  w h o s e  p o t e n t i a l  g r a d i e n t  w i l l  s t r o n g l y  o p p o s e  

t h e  a b s o r p t i o n  o f  d i v a l e n t  c a t i o n s .  T h e  a b s o r p t i o n  o f  f a t t y  a c i d s  a n d  b i c a r b o n a t e  

h a v e  b e e n  c o n s i d e r e d  i n  t h e  p r e v i o u s  s e c t i o n .

S o d i u m  a n d  p o t a s s i u m  t o g e t h e r  a c c o u n t  f o r  m o s t  o f  t h e  c a t i o n s  p r e s e n t  i n  t h e  

r u m e n  f l u i d  a n d  t h e i r  c o n c e n t r a t i o n s  s h o w  a  s t r o n g  i n v e r s e  c o r r e la t i o n  ( B a i l e y ,  1 9 6 1 6 ) .  

D o b s o n  a n d  c o - w o r k e r s  ( S e l le r s  & D o b s o n ,  1 9 6 0 ;  D o b s o n  &  M c D o n a l d ,  1 9 6 3 ;  

D o b s o n ,  1 9 6 3 )  h a v e  s t u d i e d  t h e  r e l a t i o n s h i p s  o f  r u m e n  s o d i u m  a n d  p o t a s s i u m  c o n 

c e n t r a t i o n s ,  r u m e n  p o t e n t i a l s  a n d  d i e t .  A r o u n d  9 0 - 1 0 0  m - e q u i v .  o f  N a + /1  a n d  

3 0 - 4 0  m - e q u i v .  o f  K + /1  w e r e  f o u n d  i n  t h e  r u m e n  o n  d i e t s  o f  h a y  o r  h a y  a n d  m e a l s .  

T h e s e  c o n c e n t r a t i o n s  w e r e  r e v e r s e d  a n d  t h e  r u m e n  p o t e n t i a l  t e n d e d  t o  r i s e  w h e n  g r a s s  

c o n t a i n i n g  a  l o t  o f  p o t a s s i u m  a n d  v e r y  l i t t l e  s o d i u m  w a s  f e d .  T h e r e  i s  n o  o b v i o u s  

e x p l a n a t i o n  f o r  t h e  f a l l  i n  t h e  s o d i u m : p o t a s s i u m  r a t i o  i n  t h e  r u m e n .  I t  h a p p e n e d  

s o  s w i f t l y  a n d  s u r e l y  t h a t  i t  c a n n o t  h a v e  b e e n  d u e  t o  t h e  s lo w e r  a n d  i n c o n s t a n t  f a l l  

i n  t h e  s o d i u m : p o t a s s i u m  r a t i o  i n  t h e  s a l i v a  t h a t  s o m e t i m e s  o c c u r r e d .  S o  l i t t l e  s o d i u m  

w a s  e a t e n  w i t h  a n y  o f  t h e  d i e t s  t h a t  i t  c a n  h a v e  h a d  l i t t l e  d i r e c t  e f f e c t  o n  i t s  c o n 

c e n t r a t i o n  i n  t h e  r u m e n .  P o s s i b l y  t h e  t e n d e n c y  f o r  i s o t o n i c i t v  t o  b e  p r e s e r v e d  w h e n  

l a r g e  a m o u n t s  o f  p o t a s s i u m  a r e  r e l e a s e d  f r o m  t h e  f o o d  p r e v e n t s  t h e  a b s o r p t i o n  o f  

w a t e r  f r o m  t h e  r u m e n  a n d  s o  r e d u c e s  t h e  c o n c e n t r a t i o n  o f  s o d i u m .  T h e  r u m e n  s o d i u m : 

p o t a s s i u m  r a t i o  b e g a n  t o  r i s e  s l o w l y  a f t e r  a  w e e k  o r  s o  o n  t h e  g r a s s  d i e t s  a l t h o u g h  

t h e r e  w a s  l i t t l e  o r  n o  c o r r e s p o n d i n g  c h a n g e  i n  t h e  c o m p o s i t i o n  o f  t h e  g r a s s  i t s e l f .

T h e  r e l a t i v e  i m p o r t a n c e  o f  s a l i v a  a n d  o f  f o o d  i n  c o n t r o l l in g  e l e c t r o l y t e  c o n c e n t r a 

t i o n s  i n  t h e  r u m e n  h a s  a l s o  b e e n  s t u d i e d  b y  B a i l e y  ( 1 9 6 1 6 ) .  S a m p l e s  o f  m i x e d  s a l i v a  

a n d  r u m e n  f l u i d  w e r e  t a k e n  f r o m  c a t t l e  a t  i n t e r v a l s  a f t e r  f e e d i n g  o n  a  v a r i e t y  o f  d i e t s .  

T h e  c o n c e n t r a t i o n  o f  s o d i u m  i n  t h e  r u m e n  w a s  p r o p o r t i o n a l  t o  b u t  a  l i t t l e  l e s s  t h a n
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i t s  c o n c e n t r a t i o n  i n  t h e  s a l i v a ,  a n d  t h i s  e m p h a s i z e s  t h e  o v e r w h e l m i n g  i m p o r t a n c e  

o f  s a l i v a r y  s o d i u m .  T h e  c o n c e n t r a t i o n s  o f  p o t a s s i u m  a n d  c h lo r id e  i n  t h e  r u m e n  f lu id  

w e r e  h ig h e r  t h a n  in  t h e  s a l i v a .  T h e  p o t a s s i u m  c o n c e n t r a t i o n s  i n  t h e  t w o  f l u i d s  w e r e  

c o r r e la t e d  b u t  t h e  c h l o r i d e  c o n c e n t r a t i o n s  w e r e  n o t .  T h e  c o n c e n t r a t io n s  o f  b o t h  i o n s  

i n  t h e  r u m e n  r o s e  a f t e r  f e e d i n g  a n d  p r o b a b l y  t h e i r  m o s t  i m p o r t a n t  s o u r c e  w a s  t h e  

f o o d .  T h e  c o n c e n t r a t i o n  o f  i n o r g a n i c  p h o s p h a t e  i n  t h e  r u m e n  r a n g e d  f r o m  3  t o  4 5  m -  

e q u i v .  o f  H P 0 42 - /1 a n d  w a s  n o t  r e l a t e d  t o  e i t h e r  d i e t a r y  o r  s a l i v a r y  p h o s p h a t e  l e v e l s .

M c C l y m o n t ,  W y n n e ,  B r ig g s  & F r a n k l i n  ( 1 9 5 7 )  f o u n d  t h a t  w e t h e r s  f a t t e n i n g  o n  

d i e t s  o f  o a t s  o r  o a t s  w i t h  lu c e r n e  o r  w h e a t e n  c h a f f ,  w h i c h  s u p p l i e d  o n l y  4 - 3 8  m - e q u i v .  

o f  s o d i u m  d a i l y ,  a t e  m o r e  a n d  g r e w  f a s t e r  w h e n  N a C I  w a s  a d d e d  t o  t h e  d i e t .  D r y  

e w e s  o n  m a i n t e n a n c e  r a t i o n s  o f  o a t s ,  o n  t h e  o t h e r  h a n d ,  s e e m e d  t o  d e r i v e  n o  b e n e f i t  

a t  a l l  f r o m  a  s a l t  s u p p l e m e n t  ( B r ig g s ,  F r a n k l i n  & M c C l y m o n t ,  1 9 5 7 ) .  T h e  e x t r a 

o r d i n a r y  in d i f f e r e n c e  o f  n o n - p r o d u c t i v e  s h e e p  t o  s o d i u m  s c a r c i t y  m a y  b e  d u e  p a r t l y  

t o  t h e  n e g l i g i b l e  l o s s  o f  s o d i u m  i n  s w e a t  a n d  p a r t l y  t o  t h e  e f f i c i e n c y  w i t h  w h i c h  t h e y  

c a n  c o n s e r v e  s o d i u m .  I n  t h e  a u t h o r ’s  e x p e r i e n c e  ( u n p u b l i s h e d  r e s u l t s )  t h e  u r i n a r y  

a n d  f a e c a l  l o s s e s  o f  s o d i u m  m a y  t o t a l  o n l y  2 - 5  m - e q u i v .  d a i l y  o n  l o w - s o d i u m  d i e t s  

o r  d u r i n g  s o d i u m  d e p l e t i o n .  T h e  r u m e n  f l u i d  n o r m a l ly  c o n t a i n s  s e v e r a l  h u n d r e d  

m - e q u i v .  o f  s o d i u m .  W h e n  s h e e p  a r e  d e p l e t e d  o f  s o d i u m ,  p o t a s s i u m  l a r g e l y  r e p l a c e s  

s o d i u m  i n  t h e  p a r o t i d  s a l i v a  a n d  a  s i m i l a r  c h a n g e  t a k e s  p l a c e  i n  t h e  c o m p o s i t i o n  o f  

t h e  r u m e n  f l u i d  s o  t h a t  t h e  s h e e p  w i t h d r a w s  s o d i u m  f r o m  i t s  g u t  i n t o  i t s  b o d y  f lu id s  

( D e n t o n ,  1 9 5 7 a ;  D e n t o n  et a l .  1 9 6 1 ) .  T h e  r u m e n  f lu id  t h e r e f o r e  s e r v e s  a s  a  r e s e r v o ir  

f o r  s o d i u m  w h i c h  c a n  b e  d r a w n  u p o n  t o  t i d e  o v e r  p e r i o d s  o f  s e a s o n a l  d i e t a r y  d e 

f i c i e n c y  o r  t o  m e e t  t h e  n e e d s  o f  p r e g n a n c y ,  e t c . ,  a n d  i s  r e - s t o c k e d  w h e n  s o d i u m  is  

m o r e  f r e e l y  a v a i l a b l e .

A c o n s i d e r a b l e  a m o u n t  o f  w o r k  h a s  b e e n  d o n e  t o  f in d  w h e t h e r  s u p p l e m e n t s  o f  

m i n e r a l s  o r  a s h  i m p r o v e  a p p e t i t e  o r  d i g e s t i o n  a n d  a n i m a l  p r o d u c t i v i t y .  B a r n e t t  &  

R e i d  ( 1 9 6 1 )  d e v o t e  a  c h a p t e r  t o  t h e  p a r t  p l a y e d  b y  m i n e r a l s  i n  t h e  r u m e n .  S o m e  m o r e  

r e c e n t  w o r k  i s  r e f e r r e d  t o  i n  p a p e r s  b y  N i c h o l s o n  et a l .  ( 1 9 6 2 ) .  A l l  t h a t  i s  r e q u i r e d  

h e r e  a r e  a  f e w  c a u t i o n a r y  r e m a r k s .  T h e  c o n c e n t r a t i o n  a t  w h i c h  v a r i o u s  m i n e r a l s  h a v e  

b e e n  s h o w n  t o  s t i m u l a t e  t h e  a c t i v i t y  o f  r u m e n  c u l t u r e s  i n  v i t r o  i s  o f t e n  c o n s i d e r a b l y  

beloAV t h e  n o r m a l  r u m e n  r a n g e ,  s o  t h a t  n o  s u c h  e f f e c t  n e e d  b e  e x p e c t e d  b y  u s i n g  

m i n e r a l  s u p p l e m e n t s  i n  v iv o .  P o t a s s i u m ,  f o r  e x a m p l e ,  s t i m u l a t e s  c e l l u l o l y s i s  i n  v it r o  

a t  c o n c e n t r a t i o n s  o f  5 0 0  p g / m l  ( 1 3  m - e q u i v . / I )  a n d  o v e r  ( H u b b e r t ,  C h e n g  & B u r r o u g h s ,  

1 9 5 8 ) ,  b u t  i n  f a c t  p o t a s s i u m  c o n c e n t r a t i o n s  i n  t h e  r u m e n  a r e  u s u a l l y  w e l l  a b o v e  t h i s  

l e v e l .  P h o s p h o r u s  i n  v a r i o u s  f o r m s  h a s  a  s i m i l a r  e f f e c t  i n  v i t r o  a t  c o n c e n t r a t i o n s  o f  

2 0  p -g /m l (1 -3  m - e q u i v .  H P 0 42~ /1 ) a n d  o v e r  ( H a l l ,  B a x t e r  & H o b b s ,  1 9 6 1 )  b u t  a g a i n  

r u m e n  l e v e l s  a r e  m u c h  h ig h e r .

I n  s o m e  f e e d i n g  t r i a l s  s u p p l e m e n t s  o f  a l f a l f a  a s h  o r  o f  s a l t s  s u c h  a s  N a C l ,  N a H C 0 3 , 

K H C O s , C a C O s , s o d i u m  a c e t a t e  o r  c i t r a t e ,  e t c . ,  h a v e  b e e n  s h o w n  t o  i m p r o v e  a p p e t i t e  

o r  f e e d  c o n v e r s i o n  e f f i c i e n c y  a n d  g r o w t h ,  w h i l e  o t h e r  t r i a l s  h a v e  g i v e n  n e g a t i v e  

r e s u l t s .  W h e n  s a l t  s u p p l e m e n t s  h a v e  i m p r o v e d  a n i m a l  p e r f o r m a n c e  i t  i s  o f t e n  d i f f i 

c u l t  o r  i m p o s s i b l e  t o  d e c i d e  f r o m  t h e  r e s u l t s  r e p o r t e d  w h e t h e r  t h e  s u p p l e m e n t  a c t e d  

b y  r e p a ir in g  a  d e f i c i e n c y ,  b y  s u p p l y i n g  b u f f e r  t o  a n  o v e r - a c i d  r u m e n ,  b y  in c r e a s in g -  

w a t e r  i n t a k e  a n d  s o  t h e  f l u i d i t y  a n d  o u t f l o w  o f  t h e  r u m e n  c o n t e n t s ,  o r  i n  s o m e  o t h e r  

w a y .  I n  a  s o b e r i n g  e x p e r i m e n t  H i x ,  E v a n s  &  U n d e r b j e r g  ( 1 9 5 3 )  h a v e  s h o w n  t h a t  

t h e  a d d i t i o n a l  w e i g h t  g a i n e d  b y  l a m b s  w h e n  t h e y  a r e  g i v e n  a  s a l t  s u p p l e m e n t  c a n

P hysiology
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b e  d u e  e n t i r e l y  t o  r e t e n t i o n  o f  w a t e r  a n d  s a l t  a s  e x t r a c e l l u l a r  f lu id .  R e s e a r c h  i n t o  t h e  

e f f e c t s  o f  s a l t  s u p p l e m e n t s  i s  l i k e l y  t o  r e m a i n  c o n f u s e d  a n d  u n p r e d i c t a b l e  u n t i l  a  

m o r e  c o m p l e t e  u n d e r s t a n d i n g  i s  g a i n e d  o f  t h e  p a r t  p l a y e d  b y  s a l t s  i n  t h e  d i g e s t i v e  

p h y s i o l o g y  o f  r u m i n a n t s .  A  u s e f u l  s t e p  i n  t h i s  d i r e c t i o n  h a s  b e e n  t a k e n  b y  N i c h o l s o n  

e i a l .  ( 1 9 6 0 )  w h o  f e d  a  r o u g h a g e  d i e t  c o n t a i n i n g  l i t t l e  a s h  t o  g r o u p s  o f  c a l v e s .  S o m e  

g r o u p s  w e r e  g i v e n  s u p p l e m e n t s  o f  a l f a l f a  a s h  o r  a l k a l i n e  m i n e r a l s  a n d  a n i m a l  p e r 

f o r m a n c e  w a s  r e l a t e d  t o  v a r i o u s  c h a r a c t e r i s t i c s  o f  t h e  r u m e n  e n v i r o n m e n t .  T h e  s u p 

p l e m e n t s  c a u s e d  a n  in c r e a s e  in  f o o d  i n t a k e  a n d  g r o w t h  a n d  w e r e  a s s o c i a t e d  w i t h  

in c r e a s e s  i n  t h e  p e r c e n t a g e  o f  w a t e r  i n  t h e  r u m e n  c o n t e n t s ,  i n  t h e  r a t e  o f  c e l l u l o l y s i s  

a n d  in  u r in e  p H .  T h e  o s m o t i c  p r e s s u r e  a n d  p H  o f  t h e  r u m e n  c o n t e n t s  d e p e n d e d  

p r i m a r i ly  o n  t h e  c o n c e n t r a t i o n  o f  v o l a t i l e  f a t t y  a c id s .

Review s o f the progress o f d a iry  science

R E -U S E  OF U R E A  NITROGEN

M o s t  d i e t a r y  n i t r o g e n  i s  d e g r a d e d  in  t h e  r u m e n  t o  f o r m  a m m o n i a .  P a r t  o f  t h i s  i s  

t h e n  u s e d  in  t h e  s y n t h e s i s  o f  m i c r o b i a l  p r o t e i n ,  w h i c h  a c c o u n t s  f o r  m o s t  o f  t h e  

n i t r o g e n  p a s s i n g  t o  t h e  o m a s u m  ( W e l l e r  et a l .  1 9 6 2 ) .  T h e  m i c r o b i a l  r e a c t i o n s  c e n t r e d  

o n  t h e  r u m e n  a m m o n i a  p o o l  a r e  d e s c r i b e d  i n  P a r t  2  (p .  2 9 8 ) .

D i r e c t  m e a s u r e m e n t s  o f  t h e  a m o u n t  o f  n i t r o g e n  i n  t h e  d i g e s t a  l e a v i n g  t h e  o m a s u m  

a n d  e n t e r i n g  t h e  d u o d e n u m  i n  c o n s c i o u s  a n i m a l s  h a v e  e n a b l e d  r e l ia b le  e s t i m a t e s  t o  

b e  m a d e  o f  t h e  n e t  a m o u n t s  o f  n i t r o g e n  l o s t  o r  g a i n e d  b y  f o o d  i n  i t s  p a s s a g e  t h r o u g h  

t h e  s t o m a c h .  T h i s  m a y  a l s o  b e  c a l c u l a t e d  f r o m  a n a l y s i s  o f  g u t  c o n t e n t s  i n  s l a u g h t e r e d  

a n i m a l s ,  a l t h o u g h  t h e  r a p i d i t y  w i t h  w h i c h  t h e  i n t e s t i n a l  e p i t h e l i u m  s l o u g h s  o f f  a f t e r  

d e a t h  ( B a d a w y ,  C a m p b e l l ,  C u t h b e r t s o n  &  F e l l ,  1 9 5 7 )  m a k e s  s u c h  c a l c u l a t i o n s  r a t h e r  

s u s p e c t .  N e t  l o s s e s  o f  n i t r o g e n  f r o m  t h e  s t o m a c h  c o n t e n t s  o c c u r  w h e n  t h e  a m o u n t  o f  

n i t r o g e n  i n  t h e  d i e t  i s  h i g h  ( B a d a w y ,  C a m p b e l l ,  C u t h b e r t s o n ,  F e l l  &  M a c k ie ,  1 9 5 8 ;  

K a m e o k a  & M o r im o t o ,  1 9 5 9 ;  H o g a n  & P h i l l i p s o n ,  1 9 6 0 ;  R i d g e s  &  S i n g l e t o n ,  1 9 6 2 ) .  

T h e  g r e a t e s t  l o s s e s  o c c u r  w h e n  l i t t l e  d i g e s t i b l e  c a r b o h y d r a t e  i s  a v a i l a b l e  t o  e n c o u r a g e  

m i c r o b i a l  p r o t e i n  s y n t h e s i s  ( P h i l l i p s o n ,  D o b s o n ,  B l a c k b u r n  &  B r o w n ,  1 9 6 2 )  o r  w h e n  

t h e  d i e t a r y  p r o t e i n  i s  p a r t i c u la r ly  s o l u b l e  ( T a g a r i ,  A s c a r e l l i  & B o n d i ,  1 9 6 2 ) .  U n d e r  

t h e s e  c o n d i t i o n s  t h e  a m m o n i a  c o n c e n t r a t i o n  in  t h e  r u m e n  r i s e s  s o  t h a t  a  c o n s i d e r a b l e  

a m o u n t  o f  a m m o n i a  i s  a b s o r b e d  i n t o  t h e  p o r t a l  b l o o d  a n d  c o n v e r t e d  t o  u r e a  b y  t h e  

l i v e r  ( L e w is ,  H i l l  &  A n n i s o n ,  1 9 5 7 ;  M c D o n a l d ,  1 9 5 8 ) .

O n  t h e  o t h e r  h a n d ,  w h e n  t h e  n i t r o g e n  i n t a k e  i s  l o w  t h e r e  m a y  b e  a  n e t  a d d i t i o n  o f  

n i t r o g e n  t o  t h e  s t o m a c h  c o n t e n t s ,  s o m e t i m e s  a m o u n t i n g  t o  4 - 5  g  d a i l y  in  s h e e p  ( G r a y ,  

P i l g r i m  & W e l l e r ,  1 9 5 8 ;  H a r r i s  &  P h i l l i p s o n ,  1 9 6 2 ;  K a y  & P h i l l i p s o n ,  1 9 6 2 ) .  L i t t l e  

a m m o n i a  i s  a b s o r b e d  f r o m  t h e  r u m e n  ( L e w is  et a l .  1 9 5 7 )  a n d  d i e t a r y  s u p p l e m e n t s  o f  

u r e a  a r e  e f f i c i e n t l y  u t i l i z e d  ( B a l c h  &  C a m p l in g ,  1 9 6 1 ) .  K a m e o k a  & M o r i m o t o  ( 1 9 5 9 ,  

T r ia l  1 1 )  p u t  a  2 2  k g  g o a t  o n  t o  a  n i t r o g e n - f r e e  d i e t ,  s u p p l e m e n t e d  b y  c a s e i n  g i v e n  

i n t o  t h e  a b o m a s u m ,  a n d  f r o m  t h e i r  r e p o r t  i t  c a n  b e  e s t i m a t e d  t h a t  a b o u t  2  g  o f  

e n d o g e n o u s  n i t r o g e n  w e r e  a d d e d  t o  t h e  f o r e - s t o m a c h  d a i l y .  P r o b a b l y  m o s t  o f  t h e  

n i t r o g e n  g a i n e d  b y  t h e  r u m e n  c o n t e n t s  p a s s e s  i n t o  t h e  r u m e n  a s  u r e a .  N i t r o g e n  m a y  

a l s o  b e  a d d e d  t o  t h e  r u m e n  i n  s i g n i f i c a n t  q u a n t i t i e s  a s  s a l i v a r y  p r o t e i n  ( S o m e r s ,  1 9 6 1 ) ,  

t h e  s e c r e t i o n s  o f  t h e  r e s p i r a t o r y  t r a c t  a n d  d e s q u a m a t e d  e p i t h e l i u m .  T h e r e  i s  a l s o  t h e  

p c s s i b i l i t y ,  a s  H o b s o n  ( 1 9 5 9 )  h a s  p o i n t e d  o u t ,  t h a t  g a s e o u s  n i t r o g e n  m a y  b e  f i x e d  

a n a e r o b i c a l l y  i n  t h e  r u m e n .  N i t r o g e n  f i x a t i o n ,  p o s s i b l e  o r  p r o v e n ,  b y  m i c r o 
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o r g a n i s m s ,  p l a n t s  a n d  a n i m a l s  i s  d i s c u s s e d  b y  M c K e e  ( 1 9 6 2 ,  C h a p t e r  3 ) .  N i t r o g e n  i s  

a l s o  s e c r e t e d  i n t o  t h e  a b o m a s u m  a s  u r e a  ( L e  B a r s  & S i m o n n e t ,  1 9 5 9 )  a n d  m u c o p r o t e i n .  

T h e  u r e a  s e c r e t e d  i n t o  t h e  r u m e n  i s  r a p i d l y  h y d r o l y s e d  b y  b a c t e r i a l  u r e a s e  a n d  a d d s  

t o  t h e  a m m o n i a  p o o l ,  a n d  o n  l o w  n i t r o g e n  d i e t s  t h i s  a d d i t i o n a l  s u p p l y  o f  a m m o n i a  

h e l p s  t o  p r o m o t e  a n  a c t i v e  m i c r o b i a l  p o p u l a t i o n  i n  t h e  r u m e n  a n d  in c r e a s e s  t h e  

s y n t h e s i s  o f  m i c r o b i a l  p r o t e i n  (M o ir  &  H a r r i s ,  1 9 6 2 ) .

T h e  r u m i n a n t s  a r e  t h e r e f o r e  a b l e  t o  r e - u s e  l a r g e  a m o u n t s  o f  u r e a  n i t r o g e n  w h i c h  

o t h e r w i s e  w o u l d  b e  l o s t  i n  t h e  u r i n e  a n d  t h i s  s e e m s  t o  b e  a n  i m p o r t a n t  a d a p t a t i o n  t o  

t h e  i n a d e q u a c i e s  o f  t h e i r  d i e t .  T h i s  c y c l e  i s  m a d e  s t i l l  m o r e  e f f e c t i v e  b y  a  r e n a l  

m e c h a n i s m  t h a t  a l l o w s  u r e a  t o  b e  r e t a i n e d  i n  t h e  b l o o d .  S c h m i d t - N i e l s e n ,  S c h m i d t -  

N i e l s e n ,  H o u p t  & J a r n u m  ( 1 9 5 7 )  f o u n d  t h a t  c a m e l s  e x c r e t e d  v e r y  l i t t l e  u r e a  i n  t h e i r  

u r in e  w h e n  a  d i e t  l o w  i n  n i t r o g e n  w a s  f e d ,  e s p e c i a l l y  i f  t h e  a n i m a l s  w e r e  a l s o  d e h y 

d r a t e d .  W h e n  u r e a  w a s  i n j e c t e d  i n t r a v e n o u s l y  l i t t l e  w a s  l o s t  i n  t h e  u r in e  a n d  t h e  

a u t h o r s  c o n c l u d e d  t h a t  i t  m u s t  b e  p a s s i n g  i n t o  t h e  r u m e n  i n s t e a d .  F u r t h e r  e x p e r i 

m e n t s  s h o w e d  t h a t  t h e  k i d n e y s  o f  s h e e p  a n d  m a n  c a n  a l s o  c o n s e r v e  u r e a  w h e n  t h e  

n i t r o g e n  i n t a k e  i s  l o w .  T h e  l a t e s t  p a p e r  i s  t h a t  b y  S c h m i d t - N i e l s e n  & O ’D e l l  ( 1 9 5 9 ) .  

W h e n  s h e e p  a r e  g i v e n  a  d i e t  t h a t  c o n t a i n s  o n l y  2 - 3  %  o f  d i g e s t i b l e  p r o t e i n  o r  l e s s ,  

t h e  c o n c e n t r a t i o n  o f  u r e a  i n  t h e  u r in e  f a l l s  s o  t h a t  i t  d o e s  n o t  e x c e e d  t e n  t i m e s  t h e  

c o n c e n t r a t i o n  i n  t h e  b l o o d .  T h e  g l o m e r u l a r  f i l t r a t i o n  r a t e  i s  u n a l t e r e d  a n d  t h e  e x t e n t  

t o  w h i c h  u r e a  i s  c o n c e n t r a t e d  i s  p r o b a b l y  l i m i t e d  b y  a c t i v e  r e a b s o r p t i o n  o f  u r e a  b y  

t h e  k i d n e y  t u b u l e s .  T h e  s t i m u l u s  t o  t h i s  r e a b s o r p t i o n  i s  a s s o c i a t e d  w i t h  t h e  l o w  

n i t r o g e n  i n t a k e  i t s e l f ,  a n d  n o t  w i t h  t h e  c o n c e n t r a t i o n  o f  u r e a  i n  t h e  b l o o d ,  s i n c e  

i n t r a v e n o u s  i n f u s i o n s  o f  u r e a  g i v e n  t o  s h e e p  o n  a  l o w  n i t r o g e n  i n t a k e  a r e  c o n s e r v e d  

a b o u t  a s  e f f i c i e n t l y  a s  e n d o g e n o u s  u r e a .  T h e  u r e a - c o n s e r v in g  m e c h a n i s m  c a n n o t  

o p e r a t e  a t  h i g h  u r i n e  f l o w s ,  s i n c e  t h e  c o n c e n t r a t i o n  o f  u r e a  i n  t h e  u r in e  t h e n  d o e s  n o t  

a p p r o a c h  t e n  t i m e s  t h e  b l o o d  l e v e l .  T h e  p r a c t i c a l  i m p o r t a n c e  o f  t h i s  l a s t  f a c t  i s  s h o w n  

c l e a r l y  b y  t h e  e x p e r i m e n t s  o f  L i v i n g s t o n ,  P a y n e  &  F r i e n d  ( 1 9 6 2 ) .  Z e b u  a n d  E u r o p e a n  

s t e e r s  w e r e  g i v e n  f o o d  w i t h  a  c r u d e  p r o t e i n  c o n t e n t  w h i c h  w a s  r e d u c e d  s u c c e s s i v e l y  

f r o m  1 2  t o  8  a n d  f i n a l l y  t o  4  % . W i t h  w a t e r  f r e e l y  a v a i l a b l e  th e ' u r i n a r y  e x c r e t i o n  o f  

u r e a  f e l l ,  b u t  o n l y  i n  r o u g h  p r o p o r t i o n  t o  t h e  n i t r o g e n  c o n t e n t  o f  t h e  r a t i o n ;  p r e 

s u m a b l y  t h e  u r i n e  f l o w  w a s  t o o  g r e a t  t o  p e r m i t  a c t i v e  r e t e n t i o n  o f  u r e a .  H o w e v e r ,  

w h e n ,  o n  t h e  4  %  p r o t e i n  d i e t ,  t h e  w a t e r  i n t a k e  w a s  s e v e r e l y  r e s t r i c t e d  t h e  u r in e  f l o w  

d r o p p e d  a n d  u r e a  e x c r e t i o n  d w i n d le d  t o  o n l y  a  f i f t h  o f  i t s  p r e v i o u s  r a t e ,  a l l o w i n g  t h e  

c o n s e r v a t i o n  o f  a b o u t  1 2  g  o f  n i t r o g e n  d a i l y .

U r e a  m a y  p a s s  f r o m  t h e  b l o o d  t o  t h e  r u m e n  c o n t e n t s  e i t h e r  i n  t h e  s a l i v a  o r  d i r e c t l y  

t h r o u g h  t h e  r u m e n  e p i t h e l i u m .  T h e  p o t e n t i a l  i m p o r t a n c e  o f  t h e  s a l i v a r y  r o u t e  h a s  

l o n g  b e e n  r e c o g n i z e d  a n d  r e c e n t l y  t h e  s e c r e t i o n  o f  n i t r o g e n  i n  t h e  s a l i v a  o f  s h e e p  

h a s  b e e n  e x a m i n e d  c a r e f u l l y  a n d  q u a n t i t a t i v e l y  b y  S o m e r s  ( 1 9 6 1 ) .  P h i l l i p s o n  &  

M a n g a n  ( 1 9 5 9 )  h a d  e a r l i e r  s h o w n  t h a t  p a r o t i d ,  s u b m a x i l l a r y  a n d  m i x e d  s a l i v a r y  

s e c r e t i o n s  c o n t a i n  s i m i l a r  c o n c e n t r a t i o n s  o f  u r e a .  S o m e r s  f o u n d  t h a t  t h i s  c o n c e n t r a 

t i o n  w a s  a b o u t  a  h a l f  t o  t h r e e - q u a r t e r s  o f  t h e  b l o o d  u r e a  c o n c e n t r a t i o n ,  a s  i t  i s  in  

c a t t l e  ( B a i l e y  &  B a l c h ,  1 9 6 1  b), a n d  t h a t  p a r o t i d  u r e a  i n c r e a s e d  i n  p a r a l l e l  w i t h  b l o o d  

u r e a  w h e n  i n t r a c a r o t i d  i n j e c t i o n s  o f  u r e a  w e r e  g i v e n  o r  t h e  d i e t a r y  n i t r o g e n  i n t a k e  

w a s  r a i s e d .  P a r o t i d  u r e a  a l s o  r o s e  w h e n  t h e  r a t e  o f  s e c r e t i o n  w a s  i n c r e a s e d .  P a r o t i d  

a n d  b l o o d  u r e a  c o n c e n t r a t i o n s  a n d  r u m e n  a m m o n i a  w e r e  a l l  r a i s e d  a f t e r  f e e d i n g .  

T h e  t o t a l  a m o u n t j o f  n i t r o g e n  r e t u r n e d  t o  t h e  r u m e n  b y  o n e  p a r o t i d  g l a n d  w a s

P hysiology
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e q u i v a l e n t  t o  n e a r l y  2  %  o f  t h e  d i e t a r y  n i t r o g e n  i n t a k e ,  w h e t h e r  t h e  i n t a k e  w e r e  

1 4 -5  o r  6 -8  g  o f  n i t r o g e n  d a i l y .  U r e a  n i t r o g e n  a c c o u n t e d  f o r  a b o u t  h a l f  o f  t h e  s a l i v a r y  

n i t r o g e n  o n  t h e  h i g h  n i t r o g e n  i n t a k e  a n d  n e a r l y  t h r e e - q u a r t e r s  o n  t h e  l o w  i n t a k e .  

»Since t h e  s a l i v a  s e c r e t e d  b y  o n e  p a r o t i d  i s  p r o b a b l y  l i t t l e  m o r e  t h a n  a  q u a r t e r  o f  t h e  

t o t a l  s a l i v a r y  s e c r e t i o n  ( K a y ,  I 9 6 0 « )  a n d  t h e  t o t a l  n i t r o g e n  c o n t e n t  o f  m i x e d  s a l i v a  

i s  r a t h e r  g r e a t e r  t h a n  t h a t  o f  p a r o t i d  s a l i v a ,  t h e  t o t a l  a m o u n t  o f  n i t r o g e n  s e c r e t e d  

i n  t h e  s a l i v a  i s  p r o b a b l y  r o u g h l y  o n e - t e n t h  o f  t h a t  i n  t h e  d i e t .  F u r t h e r  e x p e r i m e n t s  

b y  » S om ers s h o w e d  t h a t ,  a s  a  r e s u l t  o f  r e n a l  n i t r o g e n  r e t e n t i o n ,  t h e  r e c y c l i n g  o f  u r e a  

b e c a m e  m o r e  e f f i c i e n t  w h e n  t h e  n i t r o g e n  i n t a k e  w a s  l o w ,  e v e n  t h o u g h  h i s  s h e e p  h a d  

f r e e  a c c e s s  t o  w a t e r .  A n  i n f u s i o n  o f  1 -4  g  o f  u r e a  n i t r o g e n  w a s  g i v e n  d a i l y  i n t o  a  

c a r o t i d  a r t e r y .  W h e n  t h e  s h e e p  w e r e  in  p o s i t i v e  n i t r o g e n  b a l a n c e  1 -0  g  o f  t h i s  d o s e  

w a s  r e c o v e r e d  in  t h e  u r in e  a n d  0 -1  g  i n  t h e  a d d i t i o n a l  s a l i v a r y  u r e a  s e c r e t e d  b y  o n e  

p a r o t i d  g l a n d ;  w h e n  t h e  s h e e p  w e r e  in  n e g a t i v e  b a l a n c e  o n l y  0 -3  g  w a s  r e c o v e r e d  in  

t h e  u r in e  a n d  a  f u r t h e r  0 -3  g  i n  t h e  s a l i v a .  H o u p t  ( 1 9 5 9 )  s h o w e d  t h a t  t h e  r e t e n t i o n  

o f  i n j e c t e d  u r e a  w a s  in c r e a s e d  w h e n  a  c a r b o h y d r a t e - r i c h  d i e t  w a s  f e d .

H o u p t  ( 1 9 5 9 )  a l s o  s t u d i e d  t h e  r a t e  a t  w h i c h  u r e a  p a s s e d  d i r e c t l y  i n t o  t h e  r u m e n  

c o n t e n t s  b y  d i f f u s i o n  t h r o u g h  t h e  r u m e n  e p i t h e l i u m .  A m m o n i a  a c c u m u l a t e d  in  

s a l i n e  s o l u t i o n s  p l a c e d  in  t h e  i s o l a t e d  r u m e n  o f  a n a e s t h e t i z e d  s h e e p  a t  a  r a t e  o f  a b o u t

2 -5  m - m o l e s / h ;  t h i s  w a s  t h e  r e s u l t  o f  b a c t e r i a l  h y d r o l y s i s  o f  t h e  u r e a  t h a t  d i f f u s e d  in  

f r o m  t h e  b l o o d .  W h e n  a l l o w a n c e  w a s  m a d e  f o r  t h e  a m o u n t  o f  a m m o n i a  t h a t  w a s  

a b s o r b e d  f r o m  t h e  r u m e n ,  w h i c h  w a s  c a l c u l a t e d  r a t h e r  c i r c u i t o u s l y ,  t h e  r a t e  o f  

a p p e a r a n c e  o f  a m m o n i a  w a s  r o u g h l y  d o u b le d  a n d  s o  b e c a m e  e q u i v a l e n t  t o  t h e  p a s s a g e  

o f  a b o u t  1 -7  g  o f  u r e a  n i t r o g e n  d a i l y  i n t o  t h e  r u m e n  c o n t e n t s .  L e  B a r s  & S i m o n n e t

( 1 9 5 9 )  a n d  A s h  & D o b s o n  ( 1 9 6 3 )  r e p o r t e d  r a t h e r  s l o w e r  m o v e m e n t s  o f  u r e a  t h r o u g h  

t h e  r u m e n  e p i t h e l i u m .  A l l  t h e s e  r a t e s  w i l l  b e  o n  t h e  l o w  s i d e  i f  t h e  p a s s a g e  o f  u r e a  

t h r o u g h  t h e  r u m e n  e p i t h e l i u m  i s  d e p r e s s e d  b y  a n a e s t h e s i a  a n d  s u r g ic a l  in t e r f e r e n c e .

N o n e  o f  t h e  r u m e n  w o r k e r s  r e p o r t e d  t h e  n i t r o g e n  i n t a k e  o f  t h e i r  s h e e p  s o  t h a t  o n e  

c a n n o t  y e t  r e l i a b l y  c o m p a r e  t h e  a m o u n t s  o f  u r e a  p a s s i n g  t h r o u g h  t h e  r u m e n  e p i 

t h e l i u m  w i t h  t h o s e  r e t u r n e d  t o  t h e  r u m e n  in  t h e  s a l i v a .  B u t  p r e s e n t  i n d i c a t i o n s  a r e ,  

a s  H o u p t  ( 1 9 5 9 )  a n d  M o ir  & H a r r i s  ( 1 9 6 2 )  h a v e  s u g g e s t e d ,  t h a t  t h e  r u m e n  e p i t h e l i u m  

w i l l  p r o v e  t h e  m o r e  i m p o r t a n t  r o u t e .
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IN TRO DUCTIO N

I n  t h e  l a s t  f e w  y e a r s  m a n y  p a p e r s  h a v e  b e e n  p u b l i s h e d  w h i c h  d e a l  w i t h  s o m e  a s p e c t  

o f  r u m i n a n t  d i g e s t i o n .  I t  w o u l d  b e  i m p o s s i b l e  i n  o n e  s h o r t  r e v i e w  t o  d i s c u s s  a l l  t h e  

m a n y  p r o b l e m s  t h a t  a r e  c o v e r e d  b y  t h e s e  p a p e r s ,  s o m e  s e l e c t i o n  t h e r e f o r e  b e i n g  

n e c e s s a r y .  I n  t h e  f i e ld  o f  r u m e n  m i c r o b i o lo g y  t h e r e  h a v e  a l s o  b e e n  a  n u m b e r  o f  

r e c e n t  r e v i e w s .  T h e  m o n o g r a p h s  o f  A n n i s o n  & L e w i s  ( 1 9 5 9 )  a n d  B a r n e t t  &  R e i d  ( 1 9 6 1 )  

e a c h  h a s  a  p o r t i o n  d e v o t e d  t o  m i c r o b i o lo g y .  C u t h b e r t s o n  & H o b s o n  ( 1 9 6 1 )  d e s c r i b e d  

t  i e  r o le  o f  m i c r o - o r g a n i s m s  in  t h e  c o n v e r s i o n  o f  t h e  c o n s t i t u e n t s  o f  f e e d s t u f f s  t o  

p r o d u c t s  w h i c h  c a n  b e  u t i l i z e d  b y  t h e  h o s t ,  a n d  t h e  d a t a  t h e n  k n o w n  o f  t h e  t y p e s  o f  

b a c t e r i a  a n d  p r o t o z o a  r e s p o n s i b l e  f o r  t h e s e  r e a c t i o n s  w e r e  g i v e n .  T h e  r e a d e r  i s  

r e f e r r e d  t o  t h a t  r e v i e w  f o r  a n  o v e r a l l  p i c t u r e  o f  t h e  f a t e  o f  f e e d s t u f f  c o n s t i t u e n t s  in



t h e  r u m e n  a n d  f o r  e a r l i e r  r e f e r e n c e s  n o t  m e n t i o n e d  h e r e .  A n o t h e r  r e v i e w  b y  B r y a n t

( 1 9 5 9 )  h a s  d e s c r i b e d  t h e  p r o p e r t i e s  o f  m a n y  s t r a i n s  o f  t h e  m o s t  i m p o r t a n t  r u m e n  

b a c t e r i a ,  a n d  H u n g a t e  ( 1 9 6 0 )  r e v i e w e d  s o m e  a s p e c t s  o f  r u m e n  m i c r o b i a l  e c o l o g y .  

I t  s e e m e d  t o  t h e  a u t h o r  t h a t  n o  g o o d  p u r p o s e  w o u l d  b e  s e r v e d  b y  r e c o u n t i n g  m u c h  

o f  t h e  m a t e r i a l  g i v e n  i n  t h e s e  r e v i e w s  a n d  s o  t h r e e  g e n e r a l  t o p i c s  h a v e  b e e n  c h o s e n  in  

w h i c h  s i g n i f i c a n t  a d v a n c e s  h a v e  b e e n  m a d e  i n  t h e  l a s t  2  o r  3  y e a r s .  S o m e  o f  t h e  

l a t e s t  w o r k  o n  t h e  i d e n t i f i c a t i o n  o f  t h e  t y p e s  o f  o r g a n i s m s  r e s p o n s i b l e  f o r  b r e a k d o w n  

o f  c e r t a i n  f e e d s t u f f ’s  w i l l  b e  g i v e n ,  a s  t h i s  i n f o r m a t i o n  w a s  n o t  a v a i l a b l e  t o  t h e  e a r l i e r  

r e v i e w e r s .  M o s t  e m p h a s i s  w i l l  b e  p l a c e d  o n  r e c e n t  w o r k  w h i c h  s h o w s  t h e  i m p o r t a n c e  

o f  s o m e  o f  t h e  p r o d u c t s  o f  m i c r o b i a l  s y n t h e s i s ,  t h e  m e t a b o l i c  p a t h w a y s  o f  t h e  r u m e n  

o r g a n i s m s  w h i c h  f i t  t h e m  f o r  l i f e  i n  t h e  r u m e n ,  h o w  t h i s  m e t a b o l i s m  i s  o f  i m p o r t a n c e  

t o  t h e  h o s t ,  a n d  s o m e  o f  t h e  f a c t o r s  i n f l u e n c i n g  t h e  r u m e n  m i c r o b i a l  p o p u l a t i o n .  

A l t h o u g h  r e c e n t  s t u d i e s ,  e s p e c i a l l y  w i t h  p u r e  c u l t u r e s  o f  r u m e n  b a c t e r i a ,  h a v e  a d d e d  

g r e a t l y  t o  o u r  k n o w l e d g e  o f  t h e  d e t a i l s ,  t h e  g e n e r a l  o u t l i n e  o f  m a n y  o f  t h e  r e s u l t s  

d i s c u s s e d  h e r e  h a s  b e e n  k n o w n  f o r  s o m e  y e a r s .  F o r  t h i s  r e a s o n  i t  h a s  n o t  b e e n  t h o u g h t  

n e c e s s a r y  t o  g i v e  a  r e f e r e n c e  t o  s u p p o r t  e v e r y  g e n e r a l  s t a t e m e n t  m a d e ,  a n d  b e c a u s e  

o f  s p a c e  l i m i t a t i o n s  o n l y  o n e  r e f e r e n c e  f o r  a  t o p i c  h a s  b e e n  g i v e n  i n  s o m e  c a s e s .  T h i s  

r e f e r e n c e  h a s ,  I  h o p e ,  b e e n  o n e  o f  t h e  l a t e s t  a n d  o n e  w h i c h  g i v e s  o t h e r  r e f e r e n c e s  t o  

e a r l i e r  w o r k ,  f r o m  w h i c h  a  m o r e  d e t a i l e d  p i c t u r e  o f  t h e  s u b j e c t  c a n  b e  b u i l t  u p .
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THE DEV ELO PM EN T OF THE R U M E N  MICROBIAL POPULATION  

IN  Y O UNG  ANIM ALS

T h e  p h y s i o l o g i c a l  d e v e l o p m e n t  o f  t h e  r u m e n  i n  y o u n g  a n i m a l s  w a s  d e a l t  w i t h  in  

t h e  f i r s t  p a r t  w h e r e  i t  w a s  s h o w n  t h a t  t h e  m a t u r a t i o n  o f  t h e  r u m e n  a n d  t h e  s a l i v a r y  

g l a n d s  d e p e n d s  m o r e  o n  t h e  i n t a k e  o f  s o l i d  f o o d  a n d  t h e  e s t a b l i s h m e n t  o f  r u m i n a l  

f e r m e n t a t i o n  t h a n  o n  t h e  a g e  o f  t h e  a n i m a l .  S i n c e  t h e  m e t a b o l i c  p r o d u c t s  o f  t h e  

r u m e n  b a c t e r i a  a r e  i m p o r t a n t  i t  w o u l d  s e e m  t h a t  f u n c t i o n i n g  r u m e n  b a c t e r i a  a r e  t h e  

f i r s t  s t e p s  t o w a r d s  a  f u l l y  f u n c t i o n i n g  r u m e n .  H o w e v e r ,  t h e  r u m e n  m i c r o b i a l  p o p u l a 

t i o n  d e p e n d s  o n  t h e  f e e d  c o n s u m e d  a n d  i t  i s  i m p o s s i b l e  t o  g e n e r a l i z e  a b o u t  t h e  

r e l a t i o n s h i p  o f  a g e  a n d  m ic r o f lo r a .  W h a t  i s  p r o b a b l y  i m p o r t a n t  i s  t h e  c h a n g e  f r o m  

a  p r e d o m i n a n t l y  l a c t i c  a c i d - p r o d u c i n g  f lo r a  i n  t h e  y o u n g  a n i m a l  t o  a  m o r e  v a r i e d  

p o p u l a t i o n ,  p r o d u c i n g  a  l a r g e r  p r o p o r t i o n  o f  v o l a t i l e  f a t t y  a c i d s ,  a s  s o l i d  f e e d  i s  

c o n s u m e d .  S i n c e  m a n y  t y p e s  o f  a d u l t - r u m e n  b a c t e r i a  p r o d u c e  m a i n l y  f a t t y  a c i d s  

a n d  t h e  m e t a b o l i c  p r o d u c t s  o f  t h e  p r o t o z o a  a r e  s im i la r ,  t h e  a c t u a l  t y p e s  o f  b a c t e r i a  

o r  t h e  p r e s e n c e  o r  a b s e n c e  o f  p r o t o z o a  m a y  n o t  b e  s o  i m p o r t a n t  f o r  d e v e l o p m e n t  o f  t h e  

r u m e n .  W h i l s t  i t  m a y  n o t  b e  p o s s i b l e  t o  f e e d  a  r u m i n a n t  f r o m  b i r t h  o n  a  s o l i d  r a t i o n  

t h e  p r a c t i c e  n o w  i s  t e n d i n g  t o w a r d s  e a r l i e r  w e a n i n g  a n d  r e p l a c e m e n t  o f  m i l k  b y  a  

c o n c e n t r a t e - c o n t a i n i n g  f e e d .  T h e  r u m e n  p o p u l a t i o n  o f  t h e  v e r y  y o u n g  a n i m a l  i s  

m o s t  l i k e l y  d e r i v e d  f r o m  b a c k f l o w  o f  t h e  c o n t e n t s  o f  t h e  a b o m a s u m  a n d  c o n t a i n s  

l a r g e  n u m b e r s  o f  l a c t o b a c i l l i ,  s t r e p t o c o c c i  a n d  c o l i f o r m s  ( M a n n  &  O x f o r d ,  1 9 5 5 ;  

M a c k a y  & O x f o r d ,  1 9 5 4 ) .  B r y a n t ,  S m a l l ,  B o u r n a  & R o b i n s o n  ( 1 9 5 8 a )  f o u n d  l a r g e  

n u m b e r s  o f  l a c t i c  a c i d  b a c t e r i a  i n  c a l v e s  f r o m  1 t o  6  w e e k s  o f  a g e  f e d  o n  m i lk ,  b u t  

w i t h  a c c e s s  t o  h a y  a n d  c o n c e n t r a t e s ,  a n d  t h e  p r e s e n c e  o f  t h e s e  o r g a n i s m s  m a y  b e  

a s c r i b e d  t o  t h e  m i lk .  L a c t a t e - u t i l i z i n g  b a c t e r i a  a r e  a l s o  f o u n d  i n  h i g h  n u m b e r s  in  

y o u n g  a n i m a l s  ( B r y a n t  et a l .  1 9 5 8 a ;  H o b s o n ,  M a n n  & O x f o r d ,  1 9 5 8 ) .  A l t h o u g h
D airy  R es. 30



c e l l u l o l y t i c  b a c t e r i a  w e r e  f o u n d  i n  t h e  r u m e n s  o f  t h e s e  c a l v e s  ( B r y a n t  et a l .  1 9 5 8  a )  

f r o m  1 w e e k  o l d  t h e  p r e d o m i n a n t  b a c t e r i a  f r o m  t h e  c a l v e s  a t  1 - 3  w e e k s  w e r e  d i f 

f e r e n t  f r o m  t h o s e  o f  m a t u r e  a n i m a l s .  F o r  i n s t a n c e ,  t h e  n u m b e r s  o f  f a c u l t a t i v e  

a n a e r o b e s  w e r e  h i g h  i n  t h e  c a l v e s .  B y  6  w e e k s  m a n y  g r o u p s  w e r e  t h e  s a m e  a s  in  

m a t u r e  a n i m a l s ,  b u t  s e v e r a l  g r o u p s  n o t  f o u n d  i n  m a t u r e  a n i m a l s  w e r e  s t i l l  p r e s e n t .  

A t  1 3  w e e k s  o f  a g e  t h e  r u m e n  b a c t e r i a  w e r e  p r e d o m i n a n t l y  t h o s e  o f  m a t u r e  a n i m a l s .  

T h e  c h a n g e s  i n  t h e  b a c t e r i a l  p o p u l a t i o n s  w e r e  p a r a l l e l e d  b y  c h a n g e s  i n  t h e  d i e t .  

A l t h o u g h  m i lk  w a s  f e d  d u r in g  t h e  e x p e r i m e n t  t h e  v o l u n t a r y  c o n s u m p t i o n  o f  h a y  a n d  

g r a i n  i n c r e a s e d  r a p i d l y ,  e s p e c i a l l y  a f t e r  t h e  s i x t h  w e e k .  T h e  c a l v e s  d i d  n o t  d e v e l o p  

a  c i l i a t e  p r o t o z o a  p o p u l a t i o n  d u r in g  t h e i r  f i r s t  1 3  w e e k s  o f  l i f e ,  p r o b a b l y  b e c a u s e  t h e y  

w e r e  n o t  k e p t  n e a r  t o  m a t u r e  c a t t l e  f r o m  w h i c h  i n o c u l a  o f  p r o t o z o a  m i g h t  h a v e  b e e n  

o b t a i n e d .  T h e  e f f e c t  o f  d i e t  o n  t h e  b a c t e r i a l  a n d  p r o t o z o a l  p o p u l a t i o n  o f  y o u n g  

a n i m a l s  i s  i l l u s t r a t e d  b y  t h e  w o r k  o f  E a d i e ,  H o b s o n  & M a n n  ( 1 9 5 9 ) ,  w h e r e  c a l v e s  w e r e  

f e d  m i lk  a l o n e  t o  1 w e e k  o l d  a n d  w e a n e d  a t  2 1  d a y s  o n  t o  d i e t s  o f  p r e p o n d e r a n t l y  

c o n c e n t r a t e s  o r  a  3 : 1  m i x t u r e  o f  d r i e d  g r a s s  a n d  c o n c e n t r a t e s .  I n  t h e  a n i m a l  o n  t h e  

c o n c e n t r a t e  d i e t  t h e  h i g h  n u m b e r s  o f  l a c t o b a c i l l i  a n d  t h e  l a c t a t e - u t i l i z i n g  P e p t o -  

s tre p to c o c c u s  e ls d e n i i  e s t a b l i s h e d  a t  2  w e e k s  o l d  p e r s i s t e d  f o r  a b o u t  1 5  w e e k s  t h e n  

s l o w l y  d e c l i n e d ,  w h e r e a s  in  t h e  c a l f  g e t t i n g  a  h i g h e r  p r o p o r t i o n  o f  d r i e d  g r a s s  t h e  

i n i t i a l l y  h i g h  n u m b e r s  o f  l a c t o b a c i l l i  a n d  P .  e ls d e n i i  f e l l  r a p i d l y  a f t e r  w e a n i n g ,  a n d  

r e m a i n e d  l o w  u n t i l  a t  1 6  w e e k s  o l d  t h e  c o n c e n t r a t e s  w e r e  i n c r e a s e d  a n d  t h e  g r a s s  

r e d u c e d  w h e n  t h e  n u m b e r s  o f  t h e s e  o r g a n i s m s  r a p i d l y  r o s e  t o  t h e  l e v e l s  o f  t h e  o t h e r  

a n i m a l .  E a c h  a n i m a l  w a s  r e g u l a r l y  i n o c u l a t e d  w i t h  m i x e d  r u m e n  p r o t o z o a  a n d  a  

m i x e d  f a u n a  w a s  e s t a b l i s h e d  a n d  p e r s i s t e d  i n  t h e  c a l f  g e t t i n g  g r a s s  a n d  c o n c e n t r a t e s ,  

w h e r e a s  n o  p r o t o z o a  w e r e  s e e n  i n  t h e  c o n c e n t r a t e - f e d  c a l f  u n t i l  i t  w a s  1 2  w e e k s  o l d  

a n d  t h e y  d i d  n o t  r e a c h  t h e  l e v e l  f o u n d  i n  t h e  o t h e r  c a l f  u n t i l  a f t e r  a n o t h e r  5  w e e k s .  

T h e  e s t a b l i s h m e n t  o f  r u m e n  p r o t o z o a  a p p e a r s  t o  d e p e n d  u p o n  i n o c u l a t i o n  f r o m  e i t h e r  

a  n e i g h b o u r i n g  a d u l t  a n i m a l  o r  s o m e  c h a n c e  s o u r c e ,  a n d  u p o n  t h e  p H  o f  t h e  r u m e n  

c o n t e n t s ,  w h i c h  i s  i n f l u e n c e d  b y  t h e  t y p e s  o f  r u m e n  b a c t e r i a  a n d  t h e  d i e t  o f  t h e  

a n i m a l .  P u r s e r  & M o ir  ( 1 9 5 9 )  n o t e d  t h a t  a  l o w  p H  i n h i b i t e d  t h e  m u l t i p l i c a t i o n  o f  

p r o t o z o a  i n  a d u l t  s h e e p ,  a n d  i n  t h e  o b s e r v a t i o n s  o f  E a d i e ,  H o b s o n  & M a n n  ( 1 9 5 9 )  

a  c o r r e la t i o n  b e t w e e n  a  l o w  r u m e n  p H ,  h i g h  l a c t o b a c i l l u s  c o u n t s ,  a n d  l a c k  o f  r u m e n  

p r o t o z o a  w a s  n o t e d .  E a d i e  ( 1 9 6 2 a )  h a s  e x a m i n e d  i n  m o r e  d e t a i l  t h e  e s t a b l i s h m e n t  o f  

p r o t o z o a  i n  y o u n g  a n i m a l s  k e p t  u n d e r  d i f f e r e n t  c o n d i t i o n s  o f  m a n a g e m e n t .  S h e  

f o u n d  t h a t ,  a l t h o u g h  t h e r e  w e r e  v a r i a t i o n s  b e t w e e n  i n d i v i d u a l  a n i m a l s  o f  t h e  s a m e  

s p e c i e s  a n d  s o m e  d i f f e r e n c e s  b e t w e e n  c a l v e s  a n d  l a m b s ,  d i e t ,  n o t  a g e ,  w a s  t h e  

g o v e r n i n g  f a c t o r  i n  d e v e l o p m e n t  o f  a  c i l i a t e  p o p u l a t i o n .  C i l i a t e s  c o u l d  b e  e s t a b l i s h e d  

i n  l a m b s  a s  e a r l y  a s  9  d a y s  o l d  i f  t h e  r u m e n  p H ,  w h i c h  w a s  g o v e r n e d  b y  t h e  d i e t ,  w a s  

f a v o u r a b l e .  I f  t h e  r u m e n  p H  w a s  b e l o w  6 -0 ,  a s  w a s  o b t a i n e d  o n  f e e d i n g  a  h i g h  c o n 

c e n t r a t e  r a t i o n ,  t h e n  a  c i l i a t e  p o p u l a t i o n  w a s  n o t  e s t a b l i s h e d .  O r , i f  c i l i a t e s  h a d  b e e n  

e s t a b l i s h e d ,  c h a n g e  o f  t h e  r a t i o n  t o  a  h i g h - c o n c e n t r a t e  b a s i s  c a u s e d  t h e i r  d i s 

a p p e a r a n c e .  I f  t h e  r u m e n  p H  w a s  a  l i t t l e  a b o v e  6 -0  e n t o d i n i a  w e r e  t h e  p r e d o m i n a n t  

c i l i a t e s ,  a n d  i f  t h e  p H  w a s  a b o v e  6 -5  a  m i x e d  c i l i a t e  p o p u l a t i o n  d e v e l o p e d .  I n  a n i m a l s  

w e a n e d  o n  t o  c e r t a i n  m i x t u r e s  o f  h a y  a n d  c o n c e n t r a t e s  t h e  r u m e n  p H  r e m a i n e d  h i g h  

a n d  c i l i a t e  p o p u l a t i o n s  c o u l d  b e  e s t a b l i s h e d  a n d  m a i n t a i n e d .  Y o u n g  a n i m a l s  k e p t  in  

i s o l a t i o n  c a n  b e  r e a r e d  a n d  k e p t  i n d e f i n i t e l y  w i t h o u t  p r o t o z o a ,  a n d  t o  c o m p e n s a t e  f o r  

t h e i r  a b s e n c e  t h e  r u m i n a l  b a c t e r i a l  p o p u l a t i o n  i n c r e a s e s  ( E a d i e  & H o b s o n ,  1 9 6 2 ) .
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E s t a b l i s h m e n t  o f  p r o t o z o a  d e p e n d s ,  e x c e p t  i n  t h e  c a s e  o f  s o m e  v e r y  s m a l l  p r o t o z o a  

w h i c h  c a n  b e  c a r r ie d  i n  a i r b o r n e  d r o p l e t s  ( E a d i e ,  1 9 6 2 a ) ,  o n  c l o s e  c o n t a c t  b e t w e e n  

t h e  y o u n g  a n i m a l s  a n d  a d u l t  f a u n a t e d  a n i m a l s .  H o w e v e r ,  u n l e s s  y o u n g  a n i m a l s  a r e  

v e r y  w e l l  i s o l a t e d  t h e y  w i l l  d e v e l o p  n o r m a l  r u m e n  b a c t e r i a  t h r o u g h  f e e d  o r  a ir b o r n e  

c o n t a m i n a t i o n .  M a n n  ( u n p u b l i s h e d  o b s e r v a t i o n s )  h a s  f o u n d  i n  t h e  a ir  o f  c a t t l e  s h e d s  

s m a l l  n u m b e r s  o f  v i a b l e ,  s t r i c t l y  a n a e r o b i c  b a c t e r i a  w h i c h  o n  p r e l i m in a r y  e x a m i n a t i o n  

r e s e m b l e  t y p e s  f o u n d  i n  t h e  r u m e n .  T h e  v a l u e  o f  r u m e n  i n o c u l a t i o n ,  a s  a n  a i d  t o  

d e v e l o p m e n t  o f  a d u l t  r u m e n  b a c t e r i a  a n d  i n c r e a s e d  a b i l i t y  t o  d i g e s t  r o u g h a g e s  

a p p e a r s  t o  b e  d o u b t f u l  u n d e r  n o r m a l  c o n d i t i o n s .  W o r k  o n  t h e  s u b j e c t  o f  c a l f  p e r 

f o r m a n c e  a n d  r u m e n  i n o c u l a t i o n s  i s  r e p o r t e d  i n  p a p e r s  b y  P o u n d e n  & H i b b s  ( 1 9 4 8 ) ;  

C o n r a d  & H i b b s  ( 1 9 5 3 ) ;  H i b b s  & C o n r a d  ( 1 9 5 8 ) ;  H a r d i s o n ,  M il le r  &  G r a f  ( 1 9 5 7 ) ;  

M c A r t h u r  ( 1 9 5 7 ) ;  P r e s t o n  ( 1 9 5 8 ) ;  P e l i s s i e r ,  S l a c k ,  T r im b e r g e r ,  T u r k  & L o o s l i  ( 1 9 5 4 ) ;  

A c k e r m a n  &  P i k e  ( 1 9 5 5 ) .  B r y a n t  &  S m a l l  ( 1 9 6 0 )  r e p o r t e d  s t u d i e s  o n  t h e  b a c t e r i a  

o f  i n o c u l a t e d  c a l v e s .  I f  t h e  d i e t  o f  t h e  a n i m a l  i s  s u i t a b l e  i t  w i l l  d e v e l o p  t h e  c o r r e c t  

b a c t e r i a l  p o p u l a t i o n .  W h e t h e r  t h e  i n o c u l u m  p r o l i f e r a t e s  i s  d e p e n d e n t  o n  t h e  s u i t 

a b i l i t y  o f  t h e  d i e t .  I n  a d d i t i o n  t o  t h i s  i t  s e e m s  d o u b t f u l  w h e t h e r  a n y  c o m m e r c i a l ly  

a v a i l a b l e  r u m e n  i n o c u l a ,  a t  a n y  r a t e ,  c o n t a i n  a n y  v i a b l e  r u m e n  o r g a n i s m s .

H o w e v e r ,  o n c e  t h e  r u m e n  h a s  d e v e l o p e d  a n d  t h e  a n i m a l  h a s  a d j u s t e d  i t s e l f  t o  l i f e  

o n  a n  a d u l t  d i e t  t h e  r u m e n  b e c o m e s  a  c o m p a r a t i v e l y  s t a b l e  s y s t e m .  T h e  a d u l t  r u m e n  

p o p u l a t i o n  i s  c o n s i d e r e d  i n  t h e  n e x t  s e c t i o n .

V A R IA BILITY  A N D  STABILIT Y  OF THE R U M E N  FLORA A N D  FA U N A

I n t r o d u c t io n

A l t h o u g h  t h e  r u m e n  i s  a  r e m a r k a b l y  c o n s t a n t  e n v i r o n m e n t  c o m p a r e d  w i t h  t h e  

h a b i t a t s  o f  m a n y  m i c r o - o r g a n i s m s ,  t h e  f lo r a  i s  s u b j e c t e d  t o  s o m e  v a r i a t i o n  i n  c o n d i 

t i o n s .  A m o n g s t  t h e  f a c t o r s  w h i c h  w i l l  i n f l u e n c e  t h e  o r g a n i s m s  a r e  t h e  s e c r e t i o n s  o f  

t h e  h o s t  a n i m a l .  T h e  s a l i v a  w i l l  e x e r t  a n  i n f l u e n c e  b y  i t s  v o l u m e ,  w h i c h  w i l l  a f f e c t  t h e  

d i l u t i o n  r a t e  o f  t h e  r u m e n  c u l t u r e ,  i t s  b u f f e r i n g  c a p a c i t y ,  i t s  i o n i c  c o n t e n t ,  a n d  i t s  

s u r f a c e  t e n s i o n .  T h e  s e c r e t i o n  i n t o  t h e  r u m e n  o f  u r e a  a n d  s a l t s  f r o m  s a l i v a  o r  v i a  t h e  

r u m e n  e p i t h e l i u m  w i l l  i n f l u e n c e  m i c r o b i a l  a c t i v i t y .  R a t e s  o f  a b s o r p t i o n  o f  m i c r o b i a l  

f e r m e n t a t i o n  p r o d u c t s  w i l l  a l s o  i n f l u e n c e  t h e  m i c r o b i a l  g r o w t h .  T h e  p h y s i c a l  s t a t e ,  

t y p e  a n d  r a t e  o f  a d m i n i s t r a t i o n  o f  f e e d  a r e  o t h e r  v a r i a b l e s .  T h e  t y p e  o f  f e e d  w i l l  

e x e r t  i n f l u e n c e  n o t  o n l y  b y  i t s  g r o s s  c o m p o s i t i o n  i n  t e r m s  o f  c a r b o h y d r a t e  a n d  p r o t e i n  

b u t  b y  i t s  c o n t e n t  o f  t r a c e  e l e m e n t s  a n d  o t h e r  m i n o r  c o n s t i t u e n t s  w h i c h  a r e  n e e d e d  

f o r  o p t i m u m  g r o w t h  o f  m i c r o - o r g a n i s m s .  S o m e  o f  t h e s e  f a c t o r s  m a y  b e  o u t s i d e  t h e  

c o n t r o l  o f  t h e  h o s t  a n i m a l ,  o t h e r s  a r e  p r o b a b l y  i n f l u e n c e d  b y  f e e d - b a c k  m e c h a n i s m s ,  

o r  m a s s  a c t i o n  e f f e c t s  i n i t i a t e d  b y  t h e  m i c r o b i a l  m e t a b o l i s m  a n d  g e n e r a l l y  o p e r a t i n g  

i n  s u c h  a  w a y  a s  t o  s t a b i l i z e  t h e  r u m e n  a t  t h e  o p t i m u m  c o n d i t i o n s  f o r  f e e d  d i g e s t i o n .  

T h e  p h y s i o l o g i c a l  m e c h a n i s m s  t h a t  i n f l u e n c e  t h e  r u m e n  e n v i r o n m e n t  h a v e  b e e n  

r e v i e w e d  i n  t h e  f i r s t  p a r t  o f  t h i s  a r t i c l e .  I n  t h e  f o l l o w i n g  s e c t i o n  s o m e  r e c e n t  

o b s e r v a t i o n s  o n  s t a b i l i t y  a n d  v a r i a t i o n s  i n  t h e  r u m e n  m i c r o b i a l  p o p u l a t i o n  a r e  

d e s c r ib e d .
I t  w o u l d  s e e m  t h a t  i n  g e n e r a l  o b s e r v a t i o n s  i n  r u m e n  m i c r o b i o l o g y  c a n  b e  a p p l i e d  

e q u a l l y  t o  s h e e p  a n d  c a t t l e ,  a n d  p r o b a b l y  t o  r u m i n a n t s  i n  g e n e r a l .  W h i c h  o f  t h e  t w o  

m a i n  d o m e s t i c a t e d  s p e c i e s  o f  r u m i n a n t  h a s  b e e n  u s e d  f o r  o b s e r v a t i o n s  h a s  d e p e n d e d
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l a r g e l y  o n  o u t s i d e  in f l u e n c e s ,  s u c h  a s  a v a i l a b i l i t y  a n d  e a s e  o f  h a n d l i n g  o f  a n i m a l s .  

W h e r e  a  d i f f e r e n c e  b e t w e e n  h o s t  s p e c i e s  h a s  b e e n  f o u n d  r e f e r e n c e  h a s  b e e n  m a d e  t o  

t h e  f a c t .

Review s o f  the progress o f d a iry  science

F a c t o r s  in f lu e n c in g  the r u m e n  p o p u la t io n

M o s t  o f  t h e  i n  v iv o  w o r k  o n  t h e  c o m p o s i t i o n  o f  r u m e n  i n g e s t a  h a s  b e e n  d o n e  o n  

a n i m a l s  f e d  o n c e  o r  t w i c e  a  d a y ,  a n d  u n d e r  t h e s e  c o n d i t i o n s  t h e r e  a r e  l i k e l y  t o  b e  

l a r g e  f l u c t u a t i o n s  i n  m i c r o b i a l  n u t r i e n t s  a n d  m e t a b o l i c  p r o d u c t s  a n d  i n  t h e  n u m b e r s  

a n d  a c t i v i t y  o f  t h e  m ic r o - o r g a n i s m s .  T h e s e  c o n d i t i o n s  w i l l  a p p l y  t o  s t a l l - f e d  a n i m a l s ,  

b u t  in  t h e  g r a z i n g  a n i m a l  t h e r e  w i l l  t e n d  t o  b e  a  m o r e  c o n s t a n t  s u p p l y  o f  n u t r i e n t s  

f o r  t h e  r u m e n  o r g a n i s m s  a n d  t h e i r  m e t a b o l i c  p r o d u c t s  w i l l  b e  r e l e a s e d  a t  a  m o r e  

c o n s t a n t  r a t e .  M o s t  o f  t h e  r u m e n  o r g a n i s m s  s h o w  a  g r e a t  v e r s a t i l i t y  i n  t h e  s u b s t r a t e s  

w h i c h  t h e y  w i l l  a t t a c k  a n d  i t  w o u l d  s e e m  p r o b a b l e  t h a t  a n y  o n e  t y p e  o f  o r g a n i s m  

w i l l  b e  u t i l i z i n g  d i f f e r e n t  n u t r i e n t s  a t  d i f f e r e n t  t i m e s  d e p e n d i n g  o n  w h e t h e r  f e e d  h a s  

b e e n  r e c e n t l y  i n g e s t e d  b y  t h e  h o s t .  F l u c t u a t i o n s  i n  t h e  a v a i l a b l e  n u t r i e n t s  w i l l  b e  

a f f e c t e d  n o t  o n l y  b y  f r e q u e n c y  o f  f e e d i n g ,  b u t  a l s o  b y  t h e  t y p e  o f  s u b s t r a t e .  T h u s  

w h i l s t  s o l u b l e  c a r b o h y d r a t e  a n d  n i t r o g e n o u s  m a t e r ia l s  a r e  v e r y  r a p i d l y  b r o k e n  d o w n  

( fo r  p r o t e i n s ,  s e e  e .g .  B l a c k b u r n  & H o b s o n ,  1 9 6 0 a ;  M o o r e  & K i n g ,  1 9 5 8 )  m o r e  

r e s i s t a n t  f o r m s  o f  c a r b o h y d r a t e  a n d  p r o t e i n  a r e  d i g e s t e d ,  a n d  t h e i r  h y d r o l y s i s  p r o 

d u c t s  l i b e r a t e d  a t  a  s l o w e r  r a t e  a n d  t h i s  w i l l  l e a d  t o  a  m o r e  u n i f o r m  m e t a b o l i s m  o f  

t h e  r u m e n  o r g a n i s m s .  A l s o  t h e  c o m p o s i t i o n  o f  t h e  f e e d  w i l l  a f f e c t  t h e  r a t e  o f  i t s  

p a s s a g e  t h r o u g h  t h e  r u m e n ,  t h e  r a t e  o f  s a l i v a r y  f l o w ,  a n d  h e n c e  t h e  r a t e  o f  d i g e s t i o n  

o f  t h e  f e e d .  T h e  r u m e n  m a y ,  t h e r e f o r e ,  b e  l i k e n e d  t o  a  k i n d  o f  c o n t i n u o u s  c u l t u r e  o f  

m i x e d  m ic r o - o r g a n i s m s  w i t h  b u r s t s  o f  a c t i v i t y  o f  o n e  o r  m o r e  t y p e s  o f  o r g a n i s m s  

d e p e n d i n g  o n  t h e  i n f l o w  o f  f e e d ,  c o m b i n e d  w i t h  a  s o r t  o f  b a s a l  m e t a b o l i s m  w h i c h  

k e e p s  t h e  n u m b e r s  o f  o r g a n i s m s  a p p r o x i m a t e l y  c o n s t a n t .  T h i s  ‘ b a s a l  m e t a b o l i s m ’ 

m i g h t  b e  a  f e r m e n t a t i o n  o f  s u b s t r a t e s  s l o w l y  r e l e a s e d  b y  t h e  d i s i n t e g r a t i o n  o f  m o r e  

x’e s i s t a n t  f e e d  p a r t i c l e s  o r  d e a d  m i c r o - o r g a n i s m s ,  o r  e n d o g e n o u s  m e t a b o l i s m  o f  

r e s e r v e  s t a r c h - t y p e  p o l y s a c c h a r i d e s  o r  o t h e r  c e l l  c o n s t i t u e n t s .  ( T h e  f o r m a t i o n  a n d  

u t i l i z a t i o n  o f  s t a r c h - t y p e  p o l y s a c c h a r i d e  h a s  b e e n  n o t e d  i n  a  p u r e  c u l t u r e  o f  a  r u m e n  

b a c t e r i u m  b y  D o e t s c h ,  H o w a r d ,  M a n n  &  O x f o r d  ( 1 9 5 7 )  a n d  i n  m i x e d  r u m e n  b a c t e r i a  

i n  v i t r o  b y  a  n u m b e r  o f  w o r k e r s ,  e .g .  G ib b o n s ,  D o e t s c h  &  S h a w  ( 1 9 5 5 ) . )  H o w e v e r ,   ̂

t h e  t h e o r i e s  d e v e l o p e d  f o r  t h e  d e s c r i p t i o n  o f  i n  v i t r o  c o n t i n u o u s  c u l t u r e  ( M o n o d ,  1 9 5 0 ;  

H e r b e r t ,  E l s w o r t h  & T e l l i n g ,  1 9 5 6 )  c a n n o t  s t r i c t l y  b e  a p p l i e d  t o  t h e  r u m e n  e n v i r o n 

m e n t  a s  t h e  c u l t u r e  i s  m a d e  u p  o f  m a n y  t y p e s  o f  o r g a n i s m s ,  t h e  r a t e  o f  a d d i t i o n  o f  

n u t r i e n t s  i s  n o t  c o n s t a n t ,  t h e  l i m i t i n g  n u t r i e n t  f o r  g r o w t h  o f  t h e  o r g a n i s m s  m u s t  b e  

c h a n g i n g ,  a n d  i n  a d d i t i o n  t h e  s a m e  n u t r i e n t  w i l l  n o t  b e  l i m i t i n g  f o r  a l l  o r g a n i s m s  

a t  a n y  o n e  t i m e .  A l s o  n o t  a l l  t h e  o r g a n i s m s  a r e  f r e e  i n  a  l i q u i d  e n v i r o n m e n t ,  m a n y  

a r e  a t t a c h e d  t o  p l a n t  p a r t i c l e s  a n d  t h e i r  r a t e  o f  g r o w t h  m a y  b e  g o v e r n e d  b o t h  b y  t h e  

s u p p l y  o f  n u t r i e n t  i n  t h e  f l u i d  a r o u n d  t h e  s o l i d  a n d  t h e  a v a i l a b i l i t y  o f  s o m e  c o n s t i t u e n t  

o f  t h e  p l a n t  p a r t i c l e .  W h e t h e r  t h e  b a c t e r i a  a r e  f i x e d  o r  f r e e  w i l l  p r o b a b l y  b e  r e f l e c t e d  

in  t h e i r  r a t e  o f  p a s s a g e  o u t  o f  t h e  r u m e n .  H o w e v e r ,  a l t h o u g h  t h e r e  a r e  f l u c t u a t i o n s  

i n  n u m b e r s  o f  r u m e n  o r g a n i s m s ,  o n c e  s t a b i l i z e d  t o  a  p a r t i c u la r  d i e t  o f  t h e  h o s t  a n i m a l  

t h e  r u m e n  ‘ c u l t u r e ’ i s  v e r y  r e s i s t a n t  t o  c h a n g e  f r o m  e x t e r n a l  c o n t a m i n a t i o n .  F o r  

i n s t a n c e ,  l a r g e  n u m b e r s  o f  s p o r in g  b a c t e r i a  a n d  o t h e r  o r g a n i s m s  w h i c h  c a n  g r o w  

u n d e r  t h e  a n a e r o b i c  c o n d i t i o n s  u s e d  i n  i n  v i t r o  c u l t u r e  o f  r u m e n  b a c t e r i a  m u s t  b e



i n g e s t e d  w i t h  t h e  f e e d  o f  t h e  h o s t  a n i m a l ,  b u t  t h e  n u m b e r s  o f  v i a b l e  b a c t e r i a  o f  t h e s e  

k i n d s  f o u n d  i n  t h e  r u m e n  u n d e r  n o r m a l  c o n d i t i o n s  a r e  l o w .  A s  e x a m p l e s  o f  t h i s  

A p p l e b y  ( 1 9 5 5 )  e s t i m a t e d  t h a t  h e r  e x p e r i m e n t a l  s h e e p  w o u l d  b e  i n g e s t i n g  1 0 5—1 0 6 

b a c i l l i  a n d  s p o r e s / g  o f  h a y  e a t e n ,  b u t  b a c i l l i  a r e  n o t  u s u a l l y  f o u n d  i n  l a r g e  n u m b e r s  

i n  t h e  r u m e n .  G u t i e r r e z  ( 1 9 5 3 )  f o u n d  p r o p i o n i b a c t e r i a  i n  t h e  r u m e n s  o f  s o m e  c a t t l e  

b e i n g  f e d  o n  h a y  i n  a v e r a g e  n u m b e r s  o f  1 0 6/ m l .  H o w e v e r ,  t h e  h a y  i t s e l f  c o n t a i n e d  

1 0 8 o r  1 0 9 p r o p i o n i b a c t e r i a / g  a n d  a l t h o u g h  t h e  b a c t e r i a  w e r e  g r o w i n g  i n  t h e  r u m e n ,  

i t  s e e m e d  d o u b t f u l  i f  t h i s  w a s  t h e  s i t e  o f  a c t i v e  g r o w t h .  T h e  n u m b e r s  w e r e  p r o b a b l y  

b e i n g  k e p t  u p ,  b u t  o n l y  t o  a  c o m p a r a t i v e l y  l o w  l e v e l ,  b y  c o n t i n u o u s  i n o c u l a t i o n  f r o m  

t h e  h a y .  I t  m a y  b e  t h a t  i n  t h e  i n  v iv o  r u m e n  e n v i r o n m e n t  t h e  g r o w t h  r a t e  o f  t h e s e  

b a c t e r i a  i s  l o w e r  t h a n  t h e  r a t e  o f  f l o w  t h r o u g h  t h e  r u m e n ,  s o  t h a t  t h e y  a r e  ‘ w a s h e d  

o u t ’, o r  t h e r e  m a y  b e  o t h e r  f a c t o r s  i n h i b i t i n g  t h e i r  g r o w t h .  H u n g a t e  ( 1 9 6 0 )  s u g 

g e s t e d  t h a t  t h e  f a c u l t a t i v e  a n a e r o b i c  b a c t e r i a  m a y  b e  h a n d ic a p p e d  b y  c a r r y i n g  t h e  

m e c h a n i s m  f o r  f o r m a t i o n  o f  e n z y m e s  o f  a e r o b i c  a n d  a n a e r o b i c  m e t a b o l i s m ,  t h e  

f o r m e r  b e i n g  w a s t e d  i n  t h e  r u m e n  e n v i r o n m e n t .  H o w e v e r ,  a p a r t  f r o m  ‘ f o r e i g n ’ 

o r g a n i s m s  i n t r o d u c e d  w i t h  t h e  f e e d  w h i c h  m a y  b e  u n s u i t e d  f o r  l i f e  i n  t h e  r u m e n  i t  i s  

a l s o  d i f f i c u l t  t o  e s t a b l i s h  o r g a n i s m s  w h i c h  w i l l  f l o u r i s h  i n  t h e  r u m e n  a t  o t h e r  t i m e s .  

F o r  i n s t a n c e ,  t h e  l a r g e  G r a m - n e g a t i v e  c o c c u s ,  P e p t o s t r e p t o c o c c u s  e ls d e n i i  ( E l s d e n ,  

V o l c a n i ,  G i l c h r i s t  & L e w i s ,  1 9 5 6 ;  G u t i e r r e z ,  D a v i s ,  L i n d a h l  & W a r w i c k ,  1 9 5 9 )  i s  o n e  

o f  t h e  p r e d o m i n a n t  b a c t e r i a  i n  t h e  r u m e n s  o f  y o u n g  c a l v e s  ( 1 0 9- 1 0 10/ m l )  b u t  i s  f o u n d  

o n l y  i n  l o w  n u m b e r s  ( a b o u t  1 0 4/ m l )  i n  o l d e r  a n i m a l s  a n d  s h e e p  ( H o b s o n  et a l .  1 9 5 8 ) .  

H o b s o n  & M a n n  ( 1 9 6 1 a )  a t t e m p t e d ,  b y  m a s s i v e  i n o c u l a t i o n s  o f  P .  e ls d e n i i  w h i c h  h a d  

b e e n  g r o w n  i n  p u r e  c u l t u r e  i n  v i t r o ,  t o  i n f l u e n c e  t h e  n u m b e r s  o f  t h i s  o r g a n i s m  i n  t h e  

s h e e p  r u m e n  a n d  i n  o l d e r  c a l v e s  i n  w h i c h  t h e  n u m b e r s  o f  P .  e ls d e n i i  h a d  d e c r e a s e d  

t o  1 0 3- 1 0 4/ m l .  A l t h o u g h  t h e  n u m b e r s  o f  P .  e ls d e n i i  w e r e  f o r  a  s h o r t  t i m e  b r o u g h t  u p  

t o  1 0 8/ m l ,  w i t h i n  1 o r  2  h  t h e  n u m b e r s  h a d  f a l l e n  d r a s t i c a l l y  a n d  w i t h i n  a b o u t  6  h  

w e r e  d o w n  t o  t h e  p r e - i n o c u l a t i o n  l e v e l .  T h i s  p a t t e r n  o f  e v e n t s  w a s  f o l lo w e d  e v e n  a f t e r  

r e p e a t e d  i n o c u l a t i o n s  a n d  i n  a n i m a l s  o n  d i f f e r e n t  d i e t s ,  s o m e  o f  w h i c h  w e r e  s i m i l a r  t o  

t h o s e  o f  y o u n g  a n i m a l s  i n  w h i c h  t h e  o r g a n i s m  f lo u r i s h e d .  T h e  a d d i t i o n  t o  t h e  d i e t  o f  

s o d i u m  l a c t a t e ,  w h i c h  i s  a  g o o d  s u b s t r a t e  f o r  g r o w t h  o f  t h e  b a c t e r i a  i n  v i t r o ,  o r  

i n o c u l a t i o n  o f  a n  o ld e r  c a l f  w i t h  l a r g e  a m o u n t s  o f  r u m e n  c o n t e n t s  f r o m  a  y o u n g e r  

a n i m a l  w h i c h  c o n t a i n e d  P .  e ls d e n i i  a n d  t h e  b a c t e r i a  a s s o c i a t e d  w i t h  i t ,  a l s o  f a i l e d  t o  

p r o d u c e  a  s t a b l e  l a r g e  p o p u l a t i o n  o f  t h e s e  b a c t e r i a .  T h u s  t h e  l a c k  o f  g r o w t h  o f  t h e  

b a c t e r i a  m a y  b e  d u e  t o  c o m p e t i t i o n  f o r  l i m i t e d  s u b s t r a t e s  f r o m  t h e  e s t a b l i s h e d  

p o p u l a t i o n ,  t o  i n g e s t i o n  b y  p r o t o z o a  o f  t h e  a d u l t  p o p u l a t i o n ,  o r  t o  t h e  p r e s e n c e  in  

l a r g e  a m o u n t s  i n  t h e  f lo r a  o f  t h e  y o u n g  r u m e n  o f  g r o w t h  f a c t o r s  w h i c h  a r e  n o t  p r o 

d u c e d  b y  t h e  m i c r o - o r g a n i s m s  o f  o l d e r  a n i m a l s ,  o r  t h e r e  m a y  b e  s o m e  f a c t o r  d u e  

t o  t h e  a n i m a l  i t s e l f  w h i c h  v a r i e s  w i t h  a g e .  T h e  o n l y  r e p o r t e d  i n c i d e n c e  o f  t h e s e  

b a c t e r i a  i n  l a r g e  n u m b e r s  i n  a d u l t  a n i m a l s  i s  i n  s t e e r s  s u f f e r in g  f r o m  f e e d - l o t  b l o a t  

( G u t ie r r e z  et a l .  1 9 5 9 ) ,  a n d  h e r e  t h e  d i e t  m a y  p l a y  s o m e  p a r t ,  b y  i n t r o d u c i n g  s t a r c h y  

m a t e r ia l s  l i k e  t h o s e  i n  t h e  d i e t  o f  t h e  y o u n g  a n i m a l  a n d  a l t e r i n g  t h e  w h o l e  b a l a n c e  

o f  t h e  a d u l t  f lo r a  a n d  f a u n a .  T h a t  t h e  d i e t  h a s  a n  e f f e c t  o n  t h e  n u m b e r s  o f  b a c t e r i a  

i n  y o u n g  a n i m a l s  h a s  a l r e a d y  b e e n  m e n t i o n e d ,  b u t  t h a t  d i e t  i s  n o t  t h e  o n l y  f a c t o r  

i n f l u e n c i n g  t h e  g r o w t h  o f  b a c t e r i a  i n  t h e  a d u l t  r u m e n  i s  s h o w n  b y  t h e  e x p e r i m e n t s  

n o t e d  a b o v e  a n d  b y  t h e  f a c t  t h a t  P .  e ls d e n i i  d i s a p p e a r s  f r o m  t h e  r u m e n  o f  c a l v e s  a s  

t h e y  g r o w  o l d e r  e v e n  t h o u g h  t h e i r  d i e t  i s  c h a n g i n g  o n l y  i n  a m o u n t  e a t e n  a n d  n o t  i n
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c o m p o s i t i o n .  T h a t  s i m i l a r  d i f f i c u l t i e s  c a n  b e  f o u n d  o n  e n d e a v o u r i n g  t o  c h a n g e  t h e  

r u m e n  p r o t o z o a l  p o p u l a t i o n  i s  s h o w n  b y  s o m e  e x p e r i m e n t s  o f  E a d i e  ( 1 9 6 2 6 ) .  I n  t h i s  

w o r k  a n  a p p a r e n t  a n t a g o n i s m  b e t w e e n  s o m e  o f  t h e  l a r g e  o l i g o t r i c h  p r o t o z o a  w a s  

f o u n d ,  a n d  a  s t a b l e  p o p u l a t i o n  c o n t a i n i n g  b o t h  P o ly p la s t r o n  m u lt iv e s ic u la t u m  a n d  

E u d i p l o d i n i u m  m a g g i i  o r  E p i d i n i u m  s p p .  c o u l d  n o t  b e  o b t a i n e d .  I n  s h e e p  i t  s e e m e d  

t h a t  t h e  d o m i n a n t  p o p u l a t i o n  w a s  o n e  c o n t a i n i n g  P .  m u lt iv e s ic u la t u m , a n d  a l t h o u g h  

a  p o p u l a t i o n  o f  t h e  o t h e r  t y p e s  c o u l d  b e c o m e  e s t a b l i s h e d ,  n a t u r a l  o r  a r t i f i c i a l  i n o c u l a 

t i o n  w i t h  a  c o m p a r a t i v e l y  f e w  P .  m u lt iv e s ic u la t u m  r e s u l t e d  i n  a  c h a n g e  o f  p o p u l a t i o n  

w h i c h  c o u l d  n o t  b e  r e v e r s e d  b y  r e p e a t e d  i n o c u l a t i o n  w i t h  E u d i p l o d i n i u m  a n d  E p i 

d i n i u m .  T h e r e  a p p e a r e d  t o  b e  s o m e  a n i m a l  e f f e c t  i n  t h i s  c a s e  a s  a l t h o u g h  t h e  p o l y 

p l a s t r o n  p o p u l a t i o n  w a s  d o m i n a n t  i n  s h e e p ,  i n  s o m e  c a l v e s  t h e  E u d i p l o d i n i u m -  

E p i d i n i u m  p o p u l a t i o n  a p p e a r e d  a l s o  t o  b e  s t a b l e  a n d  t o  r e s i s t  c h a n g e  o n  a d d i t i o n  o f  

p o l y p l a s t r o n .

H o w e v e r ,  w h e n  t h e  c o n d i t i o n s  f o r  g r o w t h  o f  t h e  o r g a n i s m s  a r e  c o r r e c t  a  v e r y  s m a l l  

i n o c u l u m ,  e v e n  s u c h  a s  c o u l d  b e  c a r r ie d  i n  d r o p l e t s  i n  t h e  a ir ,  m u s t  s u f f ic e  t o  i n t r o 

d u c e  b a c t e r i a  a n d  p r o t o z o a  i n t o  t h e  r u m e n ,  a s  t h e  r u m e n  p o p u l a t i o n  o f  g r o w i n g  

a n i m a l s  c h a n g e s  d u e  t o  c o n t a m i n a t i o n  f r o m  n e i g h b o u r i n g  a n i m a l s .

T h a t  a n  e s t a b l i s h e d  r u m e n  p o p u l a t i o n  i s  i n  a  s t a t e  o f  d y n a m i c  e q u i l i b r iu m  c a n  b e  

s h o w n  b y  e x p e r i m e n t s  s u c h  a s  t h o s e  o f  H o b s o n  et a l .  ( 1 9 5 8 )  w h e r e  t h e  s e r o l o g i c a l  

t y p e s  o f  P .  e ls d e n i i  w e r e  f o l l o w e d  i n  t w o  c a l v e s  i n  w h i c h  t h e  t o t a l  n u m b e r s  o f  t h e s e  

b a c t e r i a  r e m a i n e d  c o n s t a n t  a t  a  h i g h  l e v e l  o v e r  a  l o n g  p e r io d .  D u r i n g  t h i s  t i m e  t h e  

s e r o l o g i c a l  t y p e s  f l u c t u a t e d  m a r k e d l y .  I t  c o u l d  n o t  b e  e s t a b l i s h e d  w h e t h e r  t h i s  w a s  

d u e  t o  m u t a t i o n s  o c c u r r i n g  o r  t o  n a t u r a l  r e - i n o c u l a t i o n  b y  d i f f e r e n t  s e r o l o g i c a l  t y p e s ,  

b u t  a n  a t t e m p t  t o  c h a n g e  t h e  s e r o l o g i c a l  t y p e  b y  a r t i f i c i a l  i n o c u l a t i o n  w a s  u n s u c c e s s 

f u l .  T h e  p r o t o z o a l  a n d  b a c t e r i a l  p o p u l a t i o n s  a r e  i n  e q u i l i b r iu m  a s  w e l l .  E a d i e  &  

H o b s o n  ( 1 9 6 2 )  s h o w e d  t h a t  t h e  r u m e n  b a c t e r i a l  p o p u l a t i o n  i n  l a m b s ,  k e p t  w i t h o u t  

p r o t o z o a  f o r  p e r i o d s  o f  m o r e  t h a n  2  y e a r s ,  w a s  c o n s i s t e n t l y  h ig h e r  t h a n  i n  a n i m a l s  o n  

a  s im i l a r  d i e t  w i t h  a  m i x e d  b a c t e r i a l  a n d  p r o t o z o a l  p o p u l a t i o n .  W h e n  p r o t o z o a  w e r e  

e s t a b l i s h e d  i n  t h e  p r e v i o u s l y  u n f a u n a t e d  l a m b s  t h e  b a c t e r i a l  p o p u l a t i o n  f e l l  t o  t h e  

u s u a l  e q u i l i b r iu m  l e v e l .  H e r e  c o m p e t i t i o n  f o r  n u t r i e n t s  b e t w e e n  b a c t e r i a  a n d  p r o 

t o z o a  m a y  b e  t h e  m a i n  f a c t o r ,  a l t h o u g h  a  p o s s i b l e  c o n t r i b u t i o n  c o u l d  b e  m a d e  b y  

t h e  i n g e s t i o n  o f  b a c t e r i a  b y  t h e  p r o t o z o a  ( G u t ie r r e z ,  1 9 5 8 ;  G u t i e r r e z  & D a v i s ,  1 9 5 9 ) .  

I t  i s  s o m e w h a t  d i f f i c u l t  t o  d e c i d e  h o w  t h e  t o t a l  n u m b e r s  o f  r u m e n  b a c t e r i a  a n d  

p r o t o z o a  c h a n g e  o n  c h a n g i n g  t h e  t y p e  o f  f e e d  o f  t h e  h o s t  a n i m a l .  T h e r e  a r e  d i f f e r e n c e s  

i n  t h e  r e l a t i v e  p r o p o r t i o n s  o f  m i c r o - o r g a n i s m s  w i t h  d i f f e r e n c e s  i n  d i e t  a n d  t h e s e  c a n  

s o m e t i m e s  b e  s e e n  b y  q u a l i t a t i v e  o b s e r v a t i o n s  ( fo r  i n s t a n c e ,  e n t o d i n i a  o f t e n  p r e 

d o m i n a t e  a m o n g s t  t h e  p r o t o z o a  i n  a n  a n i m a l  i n g e s t i n g  a  s t a r c h y  c o n c e n t r a t e  r a t i o n ) .  

A  d i f f e r e n c e  i n  t h e  r e l a t i v e  n u m b e r s  m a y  n o t ,  h o w e v e r ,  b e  s h o w n  i n  a  d i f f e r e n c e  i n  

m i c r o s c o p i c  c o u n t ,  e s p e c i a l l y  i f  t h e  r e l a t i v e  p r o p o r t i o n s  o f  s m a l l ,  m o r p h o l o g i c a l l y  

s im i la r ,  b a c t e r i a  a r e  c h a n g i n g .  T h e  d i f f i c u l t i e s  i n  a s s e s s i n g  c h a n g e s  i n  n u m b e r s  f r o m  

p u b l i s h e d  d a t a  l i e  t o  s o m e  e x t e n t  i n  t h e  d i f f e r e n c e s  b e t w e e n  t o t a l  a n d  v i a b l e  c o u n t s  

o f  b a c t e r i a ,  a n d  t o  t h e  f a c t  t h a t  p r o t o z o a l  a n d  b a c t e r i a l  c o u n t s  h a v e  r a r e l y  b e e n  m a d e  

o n  t h e  s a m e  a n i m a l ,  l a r g e l y  o w i n g  t o  t e c h n i c a l  d i f f i c u l t i e s .  A l s o  t h e  r e l a t i v e  a c c u r a c i e s  

o f  v i a b l e  a n d  t o t a l  c o u n t s  v a r y  w i t h  t h e  m e t h o d s  u s e d .  O t h e r  c o m p l i c a t i n g  f a c t o r s  

a r e  d i u r n a l  a n d  s e a s o n a l  v a r i a t i o n s  i n  n u m b e r s  o f  o r g a n i s m s  a n d  v a r i a t i o n s  b e t w e e n  

a n i m a l s  o n  t h e  s a m e  d i e t ,  o r  b e t w e e n  t h e  n u m b e r s  i n  t h e  s a m e  a n i m a l  o n  d i f f e r e n t
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d a y s  ( s e e ,  f o r  i n s t a n c e ,  N o t t l e ,  1 9 5 6 ;  E a d i e  & H o b s o n ,  1 9 6 2 ) .  T h i s  l a t t e r  p o i n t  w a s  

e s p e c i a l l y  m a r k e d  i n  t h e  v i a b l e  c o u n t s  o f  b a c t e r i a  i n  a  c o n c e n t r a t e - f e d  a n i m a l  m a d e  

b y  B r y a n t  & R o b i n s o n  ( 1 9 6 1 a ) ;  t h e  e x p l a n a t i o n  i s  a t  p r e s e n t  u n k n o w n .  W a r n e r

( 1 9 6 2 )  m a d e  d e t a i l e d  t o t a l  c o u n t s  o f  r u m e n  m i c r o - o r g a n i s m s  i n  a  n u m b e r  o f  s h e e p .  

H e  f o u n d  t h a t  t h e r e  w a s  a n  i n c r e a s e  in  n u m b e r s  o f  a l l  t h e  m o r p h o l o g i c a l  t y p e s  o f  

o r g a n i s m s  c o u n t e d  w h e n  t h e  r a t i o n  o f  o n e  s h e e p  w a s  c h a n g e d  f r o m  h a y  ( 9 0 0  g / d a y )  

t o  h a y  ( 3 0 0  g / d a y )  p l u s  g r o u n d n u t  m e a l  ( 3 0 0  g / d a y )  p l u s  f l a k e d  m a i z e  ( 3 0 0  g / d a y ) ,  

a n d  t h a t  t h e  c h a n g e  a p p e a r e d  c o m p l e t e  i n  a b o u t  1 0  d a y s .  H o w e v e r ,  h e  a l s o  f o u n d  

t h a t  t h e r e  w e r e  v e r y  l a r g e  v a r i a t i o n s  i n  n u m b e r s  o f  o r g a n i s m s  b e t w e e n  a n i m a l s  o n  

t h e  s a m e  r a t i o n  a n d ,  a s  o t h e r s  h a v e  f o u n d ,  t h a t  t h e r e  w e r e  d iu r n a l  v a r i a t i o n s  i n  t o t a l  

n u m b e r s  ( t h e  a n i m a l s  w e r e  f e d  o n c e  a  d a y ) .  T h e  p a t t e r n  o f  d iu r n a l  v a r i a t i o n  v a r i e d  

w i t h  t h e  t y p e  o f  o r g a n i s m ,  w h i c h  m i g h t  b e  e x p e c t e d  i f  t h e  o r g a n i s m s  w e r e  u t i l i z i n g  

d i f f e r e n t  c o m p o n e n t s  o f  t h e  d i e t .  ( P u r s e r  & M o ir  ( 1 9 5 9 )  a n d  P u r s e r  ( 1 9 6 1 )  h a v e  a l s o  

o b s e r v e d  d i f f e r e n c e s  i n  t h e  d i u r n a l  c y c l e  o f  h o l o t r i c h  a n d  o l i g o t r i c h  p r o t o z o a . )  T h e  

d i f f e r e n t  s p e c i e s  o f  o r g a n i s m s  a l s o  s h o w e d  d i f f e r e n c e s  i n  t h e i r  f l u c t u a t i o n s  i n  n u m b e r s  

o v e r  t h e  p e r i o d  o f  t h e  e x p e r i m e n t s .  M o ir  & S o m e r s  ( 1 9 5 7 )  f o u n d  t h a t  t h e  p a t t e r n  o f  

d i u r n a l  v a r i a t i o n s  i n  t o t a l  n u m b e r s  o f  b a c t e r i a  i n  t h e  r u m e n s  o f  s h e e p  v a r i e d  w i t h  t h e  

m e t h o d  o f  f e e d i n g ,  i . e .  w h e t h e r  a  r a t i o n  w a s  g i v e n  a s  o n e  o r  m o r e  f e e d s  p e r  d a y .  

H o w e v e r ,  t h e y  f o u n d  t h a t  t h e  a v e r a g e  c o n c e n t r a t i o n s  o f  b a c t e r i a  d i d  n o t  v a r y  w i t h  

m e t h o d  o f  f e e d i n g  a n d  d i d  n o t  v a r y  b e t w e e n  a n i m a l s ,  c o n t r a r y  t o  t h e  r e s u l t s  q u o t e d  

a b o v e ,  b u t  t h e  n u m b e r s  o f  p r o t o z o a  d i d  v a r y  w i t h  m e t h o d  o f  f e e d i n g .  I f  t h e  f lo w  

f r o m  t h e  r u m e n  i s  n o t  c o n s t a n t ,  t h o u g h ,  a v e r a g e  n u m b e r s  o f  b a c t e r i a  m a y  b e a r  l i t t l e  

r e l a t i o n s h i p  t o  t h e  m i c r o b i a l  a c t i v i t y .

T o t a l  c o u n t s  m a y  n o t  g i v e  a  t r u e  i d e a  o f  t h e  e x t e n t  o f  m i c r o b i a l  a c t i v i t y  a t  a n y  

o n e  t i m e ,  a l t h o u g h  t h e y  m u s t  b e a r  a  r e l a t i o n s h i p  t o  t h e  a v e r a g e  m i c r o b i a l  a c t i v i t y  

o v e r  a  p e r i o d ,  a s  t o t a l  a n d  v i a b l e  c o u n t s  o f  b a c t e r i a  u s u a l l y  d i f f e r  m a r k e d l y .  T h e  

v i a b l e  c o u n t  o f  b a c t e r i a ,  e s p e c i a l l y  i n  a n i m a l s  o n  a  h a y  r a t i o n ,  i s  n o t  m o r e  t h a n  a  f e w  

p e r  c e n t  o f  t h e  t o t a l  c o u n t ; i n  a n i m a l s  o n  a  c o n c e n t r a t e  r a t i o n  i t  i s  o f t e n  h i g h e r ,  b u t  

s t i l l  n o t  n e a r  t h e  t o t a l .  T h i s  m a y  b e  d u e  t o  d e f i c i e n c i e s  i n  t h e  m e d i a  u s e d  f o r  v i a b l e  

c o u n t s  o r  i t  m a y  m e a n  t h a t  a  l a r g e  p r o p o r t i o n  o f  t h e  b a c t e r i a  i s  d e a d ,  a n d  t h a t  t h e  

n u m b e r  i s  l i m i t e d  b y  t h e  e x h a u s t i o n  o f  n u t r i e n t s  o r  b y  o t h e r  f a c t o r s  s u c h  a s  t h e  

a c c u m u l a t i o n  o f  e n d  p r o d u c t s .  H o w e v e r ,  b a c t e r i a  w h i c h  a r e  d e a d  i n  t h e  s e n s e  t h a t  

t h e y  w i l l  n o t  r e p r o d u c e  i n  a  s u i t a b l e  m e d i u m  m a y  s t i l l  b e  c a p a b l e  o f  a c c u m u l a t i n g  

p r o d u c t s  s u c h  a s  i n t r a c e l l u l a r  p o l y s a c c h a r i d e s  ( H o b s o n  &  M a n n ,  1 9 5 5 ) ,  a n d  b a c t e r i a  

l i m i t e d  i n  g r o w t h  b y  l a c k  o f  n i t r o g e n  m a y  s t i l l  c o n t i n u e  t o  f e r m e n t  c a r b o h y d r a t e s .  

I n g e s t e d  f o o d  m a y  i n c r e a s e  t h e  r a t e  o f  f e r m e n t a t i o n ,  b u t  m a y  n o t  i n c r e a s e  t h e  

m i c r o b i a l  n u m b e r s  ( W a l t e r ,  1 9 5 2 ) .  S o m e  r e s u l t s  s u g g e s t  t h a t  t h e  n u m b e r s  o f  b a c t e r i a  

a r e  l i m i t e d  b y  l a c k  o f  a  p a r t i c u la r  n u t r i e n t .  T h e  t o t a l  c o u n t s  o f  M o ir  & W i l l i a m s  ( 1 9 5 0 )  

s u g g e s t e d  t h a t  n i t r o g e n  w a s  t h e  l i m i t i n g  f a c t o r  f o r  b a c t e r i a l  n u m b e r s  i n  s h e e p  f e d  o a t  

h a y ,  s t a r c h  a n d  i n c r e a s i n g  q u a n t i t i e s  o f  c a s e i n .  T h e  t o t a l  n u m b e r s  o f  b a c t e r i a  s h o w e d  

a  l i n e a r  r e l a t i o n s h i p  w i t h  t h e  p r o t e i n  c o n t e n t  o f  t h e  f e e d .  N i t r o g e n  m a y  a l s o  h a v e  

b e e n  l i m i t i n g  t h e  v i a b l e  b a c t e r i a  i n  t h e  e x p e r i m e n t s  o f  K r o g h  d e s c r i b e d  b e l o w  a n d  

m u c h  o f  t h e  e x c e s s  s u g a r  c o u l d  h a v e  b e e n  f e r m e n t e d  b y  n o n - p r o l i f e r a t i n g  b a c t e r i a .  

T h e  f o r m  i n  w h i c h  n i t r o g e n  i s  f e d  c a n  a l s o  i n f l u e n c e  t h e  t o t a l  n u m b e r s  o f  b a c t e r i a  i n  

t h e  r u m e n  ( s e e ,  f o r  i n s t a n c e ,  W i l l i a m s  & M o ir ,  1 9 5 1 ) .

W a r n e r  ( 1 9 6 2 )  p o i n t e d  o u t  t h a t  t h e  f l u c t u a t i o n s  i n  n u m b e r s  a n d  t y p e s  o f  m ic r o -
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organisms with time or between animals were apparently much greater than the 
fluctuations noted by measurements of the chemical activities in the rumen (ammonia 
concentration, nitrogen balance, etc.). This could be ascribed to the fact that the end 
products of fermentation of carbohydrates by a number of types of organisms are 
similar and also that an increase in, say, numbers of bacteria forming rumen inter
mediates, such as lactic acid, could be balanced by an increase in bacteria fermenting 
it. Bauchop & Elsden (1960) and Sokatch & Gunsalus (1957) have shown that the 
cell yield from fermentation of a certain weight of a sugar can difFer in different bacteria 
according to the pathway of metabolism if this sugar is a limiting nutrient, and so 
different bacterial numbers in the rumen might not indicate different yields of 
fermentation products.

However, recent work by Gilchrist & Kistner (1962) suggests that on some diets 
of constant composition, but decreasing quantity, the concentrations and types of 
viable rumen bacteria can remain constant even though the diet may be quite 
inadequate to maintain the sheep at constant weight. The rate of multiplication of 
the bacteria on the inadequate diets may, however, be slowed down, for the volume 
of saliva secreted will fall in proportion to the amount of dry matter eaten and so 
tend to maintain the bacterial concentration. This hypothesis would only apply, 
however, if the concentration of nutrients was still adequate to support the bacteria 
even on the smallest feed intake. It is also possible that a smaller amount of nutrients 
is needed to maintain the rumen microbial population than is required to maintain 
adequately the host animal. However, as the animals in these experiments were 
accustomed to a diet of poor hay the numbers and types of bacteria initially present 
may have been smaller than in animals on a high plane of nutrition, so that the 
results might not apply on decreasing the quantity of a high plane diet. That the 
concentration of carbohydrate in the diet may not be the factor limiting the microbial 
numbers is suggested by the work of Krogh (1959, 1960, 1961) who added increasing 
quantities of carbohydrate to the diet of sheep. Viable counts of different types of 
bacteria showed little change in numbers until a very high level of carbohydrate was 
being fed (300-400 g of lactose, 200-300 g of sucrose or 1500 g of starch per day), 
when a drastic change in the flora took place, the normal flora being replaced by a 
preponderantly Gram-positive one, this also being accompanied by severe illness in 
the animal. Whether or not the rumen population is changed by a change in diet thus 
depends on a number of factors. If additional carbohydrate and utilizable nitrogen 
are given to a diet low in these constituents, then an increase in number of organisms 
will probably take place. However, an increase in carbohydrate or nitrogen alone 
will not lead to an increase in numbers if the nitrogen or energy supply is inadequate. 
The concentrations of trace elements, sulphur, and other growth factors could also 
limit changes in the microbial population on changing the diet.

R e g e n e r a t io n  o f  th e  r u m e n  p o p u la t io n

Fluctuations in numbers of particular organisms which appear random may mean 
that some organisms tend to die off and are re-introduced by inoculation from outside 
the animal. The rumen population shows a remarkable tendency to return to normal 
through re-inoculation or regrowth of residual organisms even after drastic alteration. 
In the experiments of Krogh described above, when the rumen population had been
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drastically altered by feeding carbohydrate, change to a normal diet resulted in 
return to normal of the rumen flora in about 2 days. Warner (1962) found that the 
smaller bacteria returned to normal numbers within a few days after being decreased 
in numbers by starvation of the host for 4 days, and the larger organisms also usually 
reappeared within a few days, although the times of reappearance varied in different 
experiments. The results suggested that for most organisms repopulation w~as due to 
growth of the small residuum of organisms in the rumen of the starving sheep, 
although in some cases repopulation may have been due to re-inoculation from 
external sources. Meiske, Salsbury, Hoefer & Luecke (1958) found that i n  v i t r o  

cellulolysis by mixed rumen organisms was decreased by 68-91 % on starving the 
donor steer for 3 days. Cellulolytic activity returned to normal 3-6 days after feeding 
started again. Other workers have found similar rapid recovery in metabolic activity 
of rumen contents.

SOME ASPECTS OE RUMEN MICROBIAL METABOLISM 

E x p e r i m e n t a l  m e th o d s

Since the rumen population is a kind of continuous culture of different micro
organisms, many of which may be dependent on the action of others for a supply of 
nutrients, it is often difficult to relate experiments i n  v i t r o  in an entirely quantitative 
and satisfactory manner to the processes i n  v iv o .  I n  v i t r o  experiments with pure 
cultures are usually done on a batch basis and it is known that rate of growth and 
also concentration of substrate and composition of medium can affect not only the 
composition of the bacterial cells but also the fermentation products. Washed 
suspension experiments in different forms are used in studies of rumen metabolism, 
but here again one is using a system differing markedly from the proliferating rumen 
culture. Hueter, Gibbons, Shaw & Doetsch (1958) have compared i n  v i t r o  washed sus
pension and i n  v iv o  experiments and have concluded that the washed cell suspension 
technique appears most useful for studying short one- or two-step reactions pre
sumed to occur in the rumen. The technique loses significance when studying 
multi-step metabolic reactions and in such cases the results should be interpreted 
with caution. A criticism of the ‘ artificial rumen ’ type of experiment is that in most 
cases rumen contents are treated in some way, such as centrifuging, before being 
used in the experiments and where experiments are prolonged the final microbial 
population may not be that which was initially obtained from the rumen. 
Consequently the rates of fermentation, the concentration of products, and the 
materials fermented may change (see, for instance, Rice, Salsbury, Hoefer & Luecke
(1962), who also give references to earlier workers). Some designs of artificial rumens 
have been produced which endeavour to simulate rumen action in a number of 
respects and to keep the microbial population in the same balance as that of the 
original rumen fluid. However, most of these seem to run for only a few hours or a 
day before changes in the microbial population and activity take place or mechanical 
failures occur (Adler, Bye, Boggs & Williams, 1958; Stewart, Warner & Seeley, 1961). 
The one published design of artificial rumen which has been run for up to 3 weeks and 
which appears to simulate rumen function over this time is that of Davey, Cheeseman 
& Briggs (1960), although here again the published data do not make it certain that

P hys io logy



298

the population of the artificial rumen after a prolonged experiment is the same as that 
of the natural rumen. It would seem that further useful work on rumen metabolic 
pathways could be carried out on the lines of the ‘continuous’ cultures of whole 
rumen contents which have been pioneered by a number of workers. However, it is 
impossible to lay down rules for the study of rumen function, for different aspects of 
the problem require different approaches. In the last few years the study of pure 
cultures of bacteria, cultures and suspensions of protozoa, and short-term experiments 
with mixed rumen micro-organisms using radioisotopes have greatly increased our 
knowledge of the details of rumen metabolism. The results of some of these experiments 
will be described in the following sections. Again only a limited number of topics in 
which there have been recent advances have been selected for review.

N it r o g e n  m e ta b o l i s m

The fact that dietary proteins are broken down in the rumen and that much of the 
nitrogen from the protein is converted into microbial protein has been established by 
a number of workers. However, it was not until recently that the main bacteria 
responsible for proteolytic activity were identified. Blackburn & Hobson (1962) and 
Abou Akkada & Blackburn (1963) have shown that proteolytic activity is a property 
of certain strains of some species of rumen bacteria (for example, B a c te r o id e s  

a m y lo p h i l u s ,  S e le n o m o n a s  r u m i n a n t i u m ,  B a c te r o id e s  r u m in ic o la ,  L a c h n o s p i r a  m u l t i -  

p a r u s ,  B u ty r i v ib r io  spp. and Gram-positive cocci) which are also active in the degrada
tion of plant carbohydrates. Some protozoa are also proteolytic (Abou Akkada & 
Howard, 1962; Williams, Davis, Doetsch & Gutierrez, 1961; Blackburn & Hobson, 
19606; Warner, 1956). That strains of a large number of rumen bacteria are proteo
lytic is in keeping with the finding that the proteolytic activity of rumen contents is 
not greatly dependent on composition of the diet, as most of the types of proteolytic 
bacteria are found in significant numbers in animals on a wide variety of diets. The 
majority of the proteolytic bacteria examined by Abou Akkada & Blackburn (1963) 
contained both exo- and endo-peptidases and produced a hydrolysate with a high 
content of amino acids and small peptides. The amino acid content of the rumen fluid 
is, however, low except during short periods after feeding, and the amino acids 
liberated during protein hydrolysis are rapidly removed (see, for instance, Annison,
1956). There is little evidence for absorption of amino acids through the rumen 
epithelium, but amino acids are utilized either directly or indirectly by the rumen 
organisms. The fact that no detectable concentration of a substance such as an 
amino acid or carbohydrate can be found in the rumen does not, of course, prove 
that it is not being utilized by the rumen bacteria. It may be utilized as fast as it is 
produced by some other microbial action. Although it is difficult to obtain quanti
tative data on the mode of utilization of amino acid nitrogen by the rumen organisms, 
recent studies have enabled some tentative conclusions to be drawn. From a con
sideration of experiments using the artificial rumen and mixed micro-organisms, 
Warner (1955) found that more cell protein appeared to be formed from the ammonia 
of the rumen fluid than from amino acids. Whilst peptides are growth stimulants for 
some bacteria (Bryant, Small, Bouma & Chu, 19586; Huhtanen, 1955) and may be 
used for growth in preference to amino acids, recent work on pure cultures of bacteria 
has suggested that in fact many of the predominant rumen bacteria synthesize their
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protein from ammonia, and that Warner's suggestion that ammonia is a major 
source of bacterial protein was correct. Ammonia is a normal constituent of rumen 
fluid and experiments with washed suspensions have shown that mixed rumen 
organisms will deaminate amino acids to give volatile fatty acids (including some 
branched-chain isomers) and ammonia. Annison (1956) showed that washed suspen
sions of rumen organisms incubated i n  v i t r o  with casein formed (in molar proportions 
of fatty acids) 61% acetic; 19% propionic; 10% «-butyric; 4% fsobutyric; 5% 
branched-chain valeric, and 1 % «-valeric. The proportion of branched-chain acids 
normally found in rumen contents i n  v iv o  is much lower than this, probably owing 
to the rapid incorporation of these acids into cell material as described below. The 
degree of deaminative activity, unlike proteolytic activity, appears to depend to some 
extent on diet, but activity is found in all rumen contents. Recent pure culture 
studies (Bladen, Bryant & Doetsch, 1961; Abou Akkada & Blackburn, 1963) have 
shown that deaminative ability is possessed by certain strains of different species of 
rumen bacteria, but the activity is not as widely distributed as is proteolysis. Strains 
of B a c te r o id e s  r u m in i c o la ,  B u ty r i v ib r io  and S e le n o m o n a s  r u m i n a n t i u m  and unclassified 
lipolytic bacteria are amongst the deaminating bacteria in the adult rumen. In the 
case of the selenomonads and lipolytic bacteria growing on glycerol as energy source, 
the concentration of ammonia produced from casein hydrolysate increased with 
growth of the bacteria, attaining a constant value at the time of maximum viable 
count of bacteria in the cultures. Ammonia production was not affected by the level 
of ammonia in the medium. Deamination is thus correlated with active growth of the 
bacteria (Hobson & Smith, unpublished) and this agrees with the increase in ammonia 
concentration found in the rumen after feeding when the increase in bacterial 
numbers is most rapid. Deamidation, an activity demonstrated in some strains of 
B a c te r o id e s  r u m in i c o la ,  B u ty r i v ib r io ,  8 .  r u m i n a n t i u m ,  E u b a c te r i u m  and other rumen 
bacteria (Abou Akkada & Blackburn, 1963), as well as releasing ammonia from 
amides naturally occurring in feedstuffs, would also explain the ability of amides, 
such as propionamide, to replace part of the protein of feeds (Hale, 1956). Urease 
activity would also release ammonia in the rumen either from urea in the saliva or 
urea added to the feed. The rumen bacteria thus have ammonia, and, at least for 
a short time after the animal feeds, amino acids and peptides as sources of nitrogen. 
The further evidence in support of the hypothesis that ammonia nitrogen is used 
preferentially by many of the most important rumen bacteria has been provided by 
recent pure culture studies. The work of Bryant & Robinson (19616, 1962a), Phillip- 
son e t a l . (1962) and Abou Akkada & Blackburn (1963) has shown that many 
rumen bacteria, although able to utilize preformed amino acids when these are the 
sole source of nitrogen, when presented with a mixture of amino acids and ammonia 
appear preferentially to utilize the ammonia for synthesis of cell protein. Tests on 
pure cultures have also shown that some rumen bacteria have an absolute require
ment for ammonia (see, for instance, Bryant & Robinson, 19616). The main rumen 
bacteria thus seem to differ from some bacteria of other habitats in their preference 
for ammonia instead of preformed amino acids and this preference makes them 
especially suited to life in the rumen where there is a constant supply of ammonia. 
However, some strains of S tr e p to c o c c u s  b o v is  which usually occur in the rumen in 
small numbers appear to fit into the normal pattern of preferring amino acids to
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ammonia, although ammonia will serve as sole source of nitrogen (Wolin, Manning & 
Nelson, 1959).

There then remains the question of the source of carbon for cell synthesis. In the 
experiments of Abou Akkada & Blackburn mentioned above, a carbohydrate was 
included as energy source and the carbon of this could also serve as a source of cell 
carbon. There was also C02 in the gas phase. The experiments of Bryant & Robinson 
(19626), in which a 14C-labelled protein hydrolysate was used, showed that in the 
case of bacteria fixing large amounts of ammonia nitrogen the cell carbon must have 
come from carbohydrates or constituents of the medium other than amino acids. 
One medium constituent, which is also present in large amounts in the rumen, is 
carbon dioxide and another source of carbon in the rumen is the volatile fatty acids. 
Results published some years ago showed that 14C from 14C02 could be incorporated 
into the protein of mixed rumen organisms (Otagaki, Black, Goss & Kleiber, 1955) or 
into some pure cultures of rumen bacteria (Huhtanen, Carleton & Roberts, 1954) and 
growth tests on many rumen bacteria show that they require C02 (see, for instance, 
Bryant & Burkey, 1953; Gill & King, 1958; Blackburn & Hobson, 1962). Branched- 
and straight-chain fatty acids have been shown to be growth factors for some rumen 
bacteria and also to stimulate cellulolysis by mixed rumen bacteria (see, for instance, 
Bryant & Robinson, 1962a; Hobson & Mann, 19616; Wegner & Foster, 1960; 
Bentley, Johnson, Hershberger, Cline & Moxon, 1955; also Hobson & Smith, 
unpublished). More recent work has shown that the acids can be incorporated into 
the bacterial cells. In this work (Allison & Bryant, 1962; Allison, Bryant & Doetsch, 
1962; Allison, Bryant, Katz & Keeney, 1962) a strain of R u m in o c o c c u s  f l a v i f a c i e n s  

was used, but a similar incorporation of fatty acids probably occurs in other bacteria 
which are stimulated by these acids. The coccus was grown in the presence of 
14C-..abelled isovalerate and 14C was incorporated mainly into cell protein and lipid. 
The 14C in the protein was all found in the leucine, showing that the function of the 
isovalerate was to serve as a carbon skeleton for leucine synthesis. Even when grown 
in the presence of protein hydrolysate or leucine the organism still synthesized most 
of its cellular leucine from isovalerate indicating that it had only a limited ability to 
incorporate exogenous amino acids. This was further borne out by the fact that the 
coccus incorporated only 2 % of the 14C when grown in uniformly labelled C h lo r e l la  

protein hydrolysate compared with E s c h e r i c h ia  c o li which incorporated 37 % of the 
14C. 14C from isobutyrate 14C was also incorporated into cellular valine and lipid 
(Wegner, personal communication to Allison, Bryant & Doetsch, 1962). Further 
studies showed that when grown in a medium containing casein hydrolysate, iso
butyrate, isovalerate and 14C02 (as carbonate), 14C was incorporated into lipid (2 % of 
cellular 14C), nucleic acids (17 %) and protein (77 %). The label was found in fifteen 
amino acids of the hydrolysed cellular protein, and in the three branched-chain acids 
studied in detail the activity was all in the carboxyl carbon. It is thus suggested 
that C02 is a precursor of the carboxyl group of these amino acids. Similar studies 
by Wright (1960) on a strain of S tr e p to c o c c u s  b o v is  isolated from the rumen showed 
that this organism incorporated C02 into the carboxyl group of aspartic acid even 
when growing in a medium containing casein hydrolysate with or without added 
aspartic acid. S .  b o v is  is usually found in the rumen, but different strains vary in 
nutritional requirements, so that the behaviour of this strain of S .  b o v is  may not
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apply to all. The sulphur needed for the formation of the sulphur-containing amino 
acids can be supplied to the mixed rumen bacteria as sulphate, sulphide or elemental 
sulphur. Elemental sulphur was shown by Starks, Hale, Garrigus So Forbes (1953) 
to be utilized by lambs fed a semi-synthetic diet otherwise deficient in sulphur, as 
control lambs without added sulphur became ill and eventually died. Hale & Garrigus
(1953) found that elemental 35S fed to sheep appeared in the cystine, and possibly 
in the methionine of their wool. The work of Emery, Smith & Huffman (1957), Block, 
Stekol & Loosli (1951) and Anderson (1956) showed that sulphur from sulphate was 
incorporated into mixed rumen microbial protein as cystine and methionine, but 
the results of Müller & Krampitz (1955) suggested that only the bacteria incorporate 
sulphur. It is most likely, however, tha~ sulphur from sulphate is not directly 
incorporated into the micro-organisms, but is first reduced to sulpiride (Leurs, 1954; 
Anderson, 1956). Sulphide is also produced by the mixed rumen bacteria from sulphur 
amino acids in feed protein (Anderson, 1956), and such a production of sulphide has 
been noted in pure cultures of rumen bacteria such as S e le n o m o n a s  r u m i n a n t i u m .  
Although sulphate is rapidly reduced in the rumen the main bacteria responsible for 
this have not yet been isolated, although small numbers of D e s u lp h o v ib r io  have been 
found (Coleman, 1960; Gutierrez, 1953). In pure culture studies Emery, Smith & Fai 
To (1957) found that only three out of ten strains of rumen bacteria studied incor
porated appreciable sulphur from 35S04 and the one tested in detail, a strain of 
L a c h n o s p i r a  m u l t i p a r u s ,  preferentially used sulphur from cysteine to sulphur from 
sulphate. Work with B a c te r o id e s  s u c c in o g e n e s  suggested that this cellulolytic bac
terium is unable to utilize sulphate but will utilize sulphur from sulphide. The 
main form in which sulphur is normally utilized in the rumen is thus as sulphide and 
this can be provided either by reduction of sulphate or from sulphur amino acids of 
the feed. The sulphide sulphur is incorporated into bacterial protein as cystine and 
methionine and these amino acids, after digestion of the microbial protein in the 
intestines, can be absorbed and incorporated into body constituents such as wool 
(Hale & Garrigus, 1953) and milk (Block e t a l . 1951). There is, though, the possibility 
that sulphide sulphur is incorporated into body constituents by other pathways. 
Thus Anderson (1956) showed that sulphide was rapidly absorbed from the rumen 
into the blood stream and taken up by the liver but suggested that when only a small 
amount of sulphate is present in the feed :t will be reduced to sulphide which will be 
incorporated into the micro-organisms to a much greater extent than it is absorbed 
into the blood stream.

Many rumen bacteria are thus able to incorporate a number of the simpler con
stituents of the rumen fluid into their cells and this ability has important consequences 
for the well-being of the host animal under adverse conditions. However, the bacteria 
still need a source of energy for growth and this is probably mainly provided by the 
carbohydrates of the feed. Lewis & McDonald (1958) showed that a carbohydrate 
was necessary for good utilization of feed protein. Cellulosic materials are present at 
all times in the rumen, even on intermittent feeding régimes, and hydrolysis of these 
would provide a slow release of simpler sugars which are probably available to other 
rumen bacteria. The slow hydrolysis of starch and the leaching of starchy poly
saccharides and other oligo- and polysaccharides from plant material as the structure 
is disintegrated would also provide a further source of energy. However, the supply
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of soluble carbohydrate must be limited and other sources of energy may be used by 
some bacteria. The end products of fermentation of sugars, such as lactate and possibly 
fatty acids, will also provide alternative sources of energy for some bacteria. Amino 
acids have been shown to act as sources of energy for some non-rumen bacteria (e.g. 
clostridia and some cocci), but, so far as the author is aware, only one rumen bac
terium has been found to grow without a carbohydrate or non-amino organic acid 
as energy source (excluding methanogenic bacteria). P .  e l s d e n i i  in washed suspension 
was shown by Lewis & Elsden (1955) to ferment L-serine, L-threonine and L-cysteine 
but growth on these substrates was not tested. However, Bladen e t a l . (1961) 
mentioned that a carbohydrate substrate was not needed for growth and ammonia 
production by P .  e l s d e n i i  in a medium containing trypticase. In all other experiments 
on ammonia production from amino acids, utilization of ammonia, and proteolysis 
by growing strains of rumen bacteria a carbohydrate energy source has been needed. 
This correlates with the practice of feeding a carbohydrate along with urea or easily 
degraded protein to obtain maximum utilization of ammonia in the rumen. There 
may be bacteria in the rumen which can ferment amino acids, and which have not 
yet been isolated. Although rumen bacteria will grow in some media without added 
carbohydrate, growth is scanty and the presence of small amounts of carbohydrate 
or organic acids in the constituents of the media probably accounts for this growth. 
Purine fermentation could be another source of energy for some rumen bacteria as 
purines may comprise something like 45 % of the non-protein nitrogen of plants, and 
some have been shown to be degraded by mixed rumen bacteria i n  v i t r o  (Jurtshuk, 
Doetsch & Shaw, 1958; Belasco, 1954). Purines have been reported to be growth 
factors for a strain of R u m in o c o c c u s  (Ayers, 1958) but not to be energy sources. 
However, Whiteley & Douglas (1951) showed that one oral strain of M ic r o c o c c u s  

la c t i l y t i c u s  ( V e i l lo n e l la  a lc a le s c e n s ; V . g a zo g e n e s )  could grow on hypoxanthine or 
xanthine as substrate and the same might apply to some rumen strains of this 
organism, as xanthine and usually hypoxanthine are amongst the purines of grass 
(Ferguson & Terry, 1953).

The ability of the rumen organisms to hydrolyse urea and use ammonia as a 
nitrogen source has been the basis of methods for substitution of the cheaper urea or 
ammonia for part of the protein of ruminant feedstuffs. Some 300 or 400 papers have 
been published on this topic and a list of relevant papers up to 1953 was given in 
F e e d  JJrea  i n  R u m i n a n t  N u t r i t i o n ,  a publication of the Allied Chemical and Dye 
Corporation, New York. A later review is that by Humphrey (1956). It seems that 
there is an optimum level of protein replacement. A source of carbohydrate is also 
needed for best utilization of the urea or ammonia, and molasses is one additive that 
has been extensively used. Urea has also been used to supplement the poor pasture 
available to animals in some parts of the world during dry seasons. The urea, usually 
with molasses added, has been sprayed on the pasture so that it is taken by the 
grazing animals, or it has been added to cut grass or hay and stall-fed. Since large 
quantities of urea are toxic to ruminants when rapidly ingested, most likely due to 
excess formation of ammonia, care has to be taken to see that the urea dressing is 
not too heavy and that if the animals have been on a poor feed for some time that 
they are gradually accustomed to the urea intake. Another way of ensuring that the 
urea is not taken too rapidly is to incorporate urea and molasses in a salt lick (Louw,
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1960). Some recent papers on supplementation of poor quality pasture with urea are 
those by Beames (1959), Fels (1959), Messenger (1960), Willoughby & Axelsen (1960). 
Recent papers on urea toxicity are those by Coombe e t a l . (1960), and Lewis (1960). 
Since rumen bacteria can synthesize vitamins of the B complex, including B12, and 
microbial protein is of good nutritional value the microbial protein passing from the 
rumen for digestion in the alimentary tract makes good any deficiencies in the dietary 
supply of B vitamins or amino acids.

Urea is a normal constituent of the saliva and although the amount of nitrogen 
entering the rumen from this source is of little significance compared with the dietary 
nitrogen on rations of high protein content, under some circumstances where the diet 
is low in protein, such as on the poor pasture mentioned above, the salivary urea 
can provide a significant amount of nitrogen for the bacteria to enable them to make 
increased use of the carbohydrate available in the forage. Secretion of urea into the 
rumen via the epithelium could provide additional nitrogen for the bacteria. The 
amounts and nature of secretions into the rumen are dealt with in more detail in 
Part I.

P h ys io lo g y

B a c te r ia l  l i p i d s

In the previous section the incorporation of volatile fatty acids into cell protein 
was discussed and it was mentioned that these acids were also incorporated into cell 
lipid. The lipids of the bacteria may be set free during digestion of the cells in the 
intestines and the lipids could be absorbed and incorporated into body lipids of the 
host. It has been known for some time that unsaturated fatty acids of dietary lipids 
are hydrogenated by the rumen micro-organisms, and to this observation has been 
ascribed the fact that the depot fats in cows and sheep are more saturated than those 
of other herbivores, for instance, horses, consuming the same pasture lipids. The 
hydrolysis of feed lipids by rumen organisms has also been established (Garton, 
Hobson & Lough, 1958; Dawson, 1959; Garton, Lough & Vioque, 1961; Wright, 
1961; Zerebcov & Solncev, 1962) and one strain of anaerobic rumen bacteria capable 
of hydrolysing linseed oil has been obtained (Hobson & Mann, 19616). Acetate formed 
by rumen bacterial fermentations is also a precursor of milk fats. The subject of lipid 
metabolism in ruminants and herbivores in general has been reviewed recently by 
Shorland & Hansen (1957) and by Garton (1960, 1961) and a further review on lipid 
metabolism will be presented shortly in •/. L i p i d  R e s e a r c h . However, a short discussion 
of the recent papers on synthesis of lipids by rumen bacteria is relevant here.

Hansen, Shorland & Cooke (1955, 1956) and Shorland, Gerson & Hansen (1955) 
found small quantities of odd numbered carbon and branched-chain fatty acids in 
ruminant milk and body fats. The results of recent work (which is well reviewed and 
documented in the paper by Keeney, Katz & Allison (1962)) have thrown some doubt 
on the idea that these acids originate in the ruminant tissues.

Keeney e t a l . (1962) showed that there is a high level of odd-numbered carbon and 
branched-chain fatty acids in the lipids of mixed bovine rumen bacteria, and that 
these acids could be detected in blood serum lipids. They are thus available for 
incorporation into milk fat by the mammary gland. These authors also calculated 
that even on the basis of their experiments, which did not extract the total amount 
of microbial lipid in the rumen contents, about 142 g of protozoal and bacterial lipid



would pass to the intestines each day, and, as the cow was producing about 500 g of 
butterfat each day, it was suggested that a significant amount of milk lipids could 
come from microbial lipids. They also calculated that the amount of C15 branched- 
chain fatty acids in the microbial lipid passing to the intestine could account for 
more than half the C15 branched-chain acid in the butterfat secreted. The origin of 
the bacterial lipid is shown by the work of Allison, Bryant, Katz & Keeney (1962). 
On p. 300 the incorporation of branched-chain volatile fatty acids into bacterial 
protein was discussed and in these experiments some of the radioactive carbon from 
14C isovalerate was found in the cell lipids. When grown in the presence of l-14C-iso- 
valerate one strain of R u m in o c o c c u s  f l a v i f a c i e n s  incorporated most of the label found 
in the lipid into a branched-chain C15 fatty acid with some in a C17 acid and also an 
appreciable amount in a C15 branched-chain aldehyde. A strain of R .  a  Urns did not 
incorporate 14C from labelled isovalerate but when grown in l-14C-isobutyrate in
corporated most of the 14C into the cell lipid mainly as C14 and C16 branched-chain 
acids, with some as C14 and C16 aldehydes. Wegner & Foster (1961) also found that a 
strain of B a c te r o id e s  s u c c in o g e n e s  incorporated 14C from l-14C-isobutyrate or 1-14C- 
valerate into lipid, and almost all the label was found in fatty acid carbon of the 
phospholipid phosphotidylethanolamine. The structure of the fatty acid was not 
reported. A rumen B o r r e l ia  sp. also incorporated isobutyrate and valerate into cell 
lipid. Similar results may be found with other rumen bacteria which need volatile 
fatty acids as growth factors and there seems no doubt that rumen bacteria, digested 
in the intestines, are the source of a considerable amount of lipid material for the host 
animal. Parks, Keeney & Schwartz (1961) found that branched-chain aldehydes were 
amongst the major bound aldehydes in butter oil and it seems possible that the 
source of these aldehydes is the rumen bacterial lipids. Whether the protozoa are able 
to synthesize all of their lipids, or whether some of them come from ingested bacteria , 
is not established, but in either case the net results to the host animal would be the 
same.

Thus apart from fermentation products and vitamins the rumen bacteria contain 
protein and lipid materials which can be incorporated into the tissues of the host 
after digestion of the microbial cells in the abomasum and intestines.

T h e  m e ta b o l i s m  o f  s o m e  p r i m a r y  f e r m e n t a t i o n  p r o d u c t s

The rumen is a complex mixed culture of micro-organisms pursuing a range of 
fermentations, some organisms of primary importance in the breakdown of feed 
materials, others causing secondary fermentations continuing the digestive processes 
to give products of value to the host, but also helping to maintain the stability of the 
rumen culture and possibly to increase the rates of primary hydrolysis and fermenta
tion by removing some of the end products. There is no doubt that some bacteria 
and protozoa will live on the end products of the polysaccharide hydrolysis by other 
organisms and the microscopic observation of two organisms in contact with an 
insoluble substrate does not mean that both will attack the substrate. For instance, 
i n  v i t r o  it was found that B o r r e l ia  tended to migrate through an agar medium to 
grow on the products of cellulose hydrolysis by B a c te r o id e s  s u c c in o g e n e s  (Bryant,
1952). Apart from this use of hydrolysis products of polysaccharides there is a turn
over of the primary fermentation products of carbohydrates. The main acids normally
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present in the rumen are acetic, propionic and butyric. However, in addition to these, 
lactic, succinic and formic acids, hydrogen, carbon dioxide and ethanol are all pro
ducts of fermentation of carbohydrates by rumen bacteria and protozoa i n  v i t r o .  

Although it is difficult to make firm statements about the products of fermentation 
i n  v iv o  from batch culture i n  v i t r o , because the amounts and nature of fermentation 
products can be influenced by such things as the pH and composition of medium 
(see, for instance, Lee & Moore (1959) for butyrivibrio), all these products seem to 
occur at least transitorily in the rumen. Carbon dioxide, we have already seen, can 
be incorporated into bacterial cell material, but 14C-labelled C02 added to rumen 
contents i n  v i t r o  also appears in volatile fatty acids (Van Campden & Matrone, 1960; 
Otagaki e t a l . 1955). Carbon dioxide can also be combined with hydrogen to form 
methane. A bacterium which uses this reaction, M e th a n o b a c te r iu m  r u m i n a n t i u m ,  has 
been isolated from the rumen (Smith & Hungate, 1958). Viable counts of this 
bacterium in the rumen, combined with i n  v i t r o  measurement of the rate of combina
tion of carbon dioxide and hydrogen, have shown that it is present in the rumen in 
numbers more than sufficient to account for the rate of production of methane i n  v iv o .  

Rumen contents as a whole have a large capacity for utilizing hydrogen and it thus 
seems that the hydrogen produced by fermentation reactions would be almost 
instantaneously used in the production of methane or reduction of sulphate. A further 
carbohydrate fermentation product which is a precursor of methane is formate (see, 
for instance, Beijer, 1952; Matsumoto, 1961). Rumen contents have a capacity to 
utilize formate at a rate greater than that at which it might be expected to be pro
duced by fermentations (Carroll & Hungate, 1955). M e th a n o b a c te r iu m  r u m i n a n t i u m  

besides using C02 and H2 will also use formate as a substrate for production of 
methane. Formic acid produced by fermentation of carbohydrate would thus be 
expected to have a very short existence in the rumen.

Lactic and succinic acids usually have only a transitory existence in the rumen and 
are readily converted to volatile fatty acids. It has often been assumed that pro
pionic acid is the major product of lactic acid fermentation in the rumen, but acetic 
acid is also formed, and the work of Javasuriya & Hungate (1959) and Bruno & 
Moore (1962) suggests that acetic acid is usually the main product. The ratio of 
acetic to propionic acid does, however, vary somewhat with diet and the results of 
Baldwin, Wood & Emery (1962) suggested that the ratio of acetate to propionate 
decreased with increasing dietary carbohydrate.

Recent studies on the pathway of breakdown of lactic acid by mixed rumen 
bacteria have posed the question as to the organisms mainly responsible for lactate 
metabolism in the rumen. There are two pathways of lactate conversion to pro
pionate now known in bacteria. One is via succinate, the other via acrylate. The 
experiments of Baldwin e t a l . (1962) have suggested that the main pathway of 
lactate metabolism by mixed rumen bacteria is the acrylate one. A number of rumen 
bacteria are known to ferment lactate in pure culture, but of the bacteria examined 
in detail only P e p to s tr e p to c o c c u s  e l s d e n i i  ferments lactate via the acrylate pathway 
(Ladd & Walker, 1959). However, this bacterium does not occur in large numbers in 
the normal adult rumen. A bacterium which is generally present in the rumen in 
high numbers is S e le n o m o n a s  r u m i n a n t i u m  (Bryant, 1956; Hobson & Mann, 19616). 
One variety of this ferments lactate, but it does so via the succinate pathway 
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(Paynter, 1962), as do the propionibacteria and V e il lo n e l la  g a zo g e n e s  which are present 
in the rumen in small numbers (Johns, 1951a, b). It may be that some of the other 
lactate-fermenting bacteria, not so far studied in detail, may ferment lactate via 
acrylate, and be the main lactate-fermenters in the rumen. However, the results 
of Jayasuraya & Hungate (1959) suggest that lactate is not an important intermediate 
in propionate production in the rumen of animals on normal feeds and the small 
numbers of lactate-fermenters such as P e p to s tr e p to c o c c u s  e l s d e n i i  may be sufficient to 
account for all the propionate formed by this reaction. Of course, on some diets 
containing large amounts of starchy concentrates such as flaked maize, or on silage 
feeds, where large amounts of lactic acid might be expected, the observations made 
above might not hold. However, it would appear that succinate is usually of much 
more importance than lactate as a precursor of ruminal propionic acid. Succinic acid 
is produced by many rumen bacteria and succinate decarboxylation is carried out by 
washed suspensions of mixed rumen bacteria (Johns, 1951c; Sijpesteijn & Elsden, 1952) 
at an optimum pH of 6-2, with considerable activity between pH 5 and 7. This 
optimum is near the usual pH of rumen contents. The main bacteria responsible for 
succinate metabolism are not known at the moment, although probably V e il lo n e l la  

g a zo g e n e s  plays some part as it is generally present in the rumen, although not in 
large numbers (about 10®/ml), and it rapidly decarboxylates succinate at an optimum 
pH of 6. It seems unlikely that propionibacteria play much part in this reaction as 
they are usually present only in small numbers (the results of Gutierrez (1953) appear 
to be an exception), and the optimum pH of succinate decarboxylation by organisms 
of this genus is 5-5-2 and decarboxylation is very slow.

Ethanol is produced i n  v i t r o  by some pure cultures of rumen bacteria (e.g. strains 
of E u m in o c o c c u s ) , although it is not usually found in the rumen, and ethanol has been 
used along with urea as a feed supplement for cattle (Morris & Horton, 1959). If  
ethanol is fermented by the rumen bacteria its products have not been identified. 
One possibility is that it is used along with acetic acid to form butyric acid, and one 
bacterium capable of bringing about this reaction has been isolated from the rumen 
(Gray, 1958). However, Lewis, Emery & Everett (1958) found that ethanol was not 
fermented i n  v i t r o  by rumen contents from steers, but that it disappeared from the 
rumen i n  v iv o , presumably by absorption as the ethanol content of the blood increased 
2-4 h after ethanol had been added to the rumen. Small amounts of ethanol are 
probably fermented rather than absorbed and, although the bacterium which 
fermented ethanol and acetic acid, C lo s t r id iu m  k l u y v e r i i  (Gray, 1958), was found only 
in small numbers, as the amount of ethanol formed from fermentation of carbo
hydrates is probably small a large number of bacteria capable of utilizing it would 
not be expected. The bacterial populations in animals fed urea and ethanol are 
probably quite different from those of the animals used in the experiments mentioned 
above and a greater utilization of ethanol presumably takes place.

Methanol is formed during degradation of pectic substances and is slowly meta
bolized by sheep rumen contents i n  v i t r o , but the products of its decomposition have 
not been identified (Howard, 1961).

Only one organism (P e p to s tr e p to c o c c u s  e l s d e n i i )  is definitely known to produce fatty 
acids higher than butyric (valeric and caproic) by direct fermentation of carbo
hydrate. Although traces of higher fatty acids have sometimes been found in our
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own laboratories in i n  v i t r o  cultures of some rumen bacteria fermenting carbohydrate, 
the possibility that they come from degradation of amino acids in the media has not 
been excluded. It seems probable that the main sources of higher fatty acids i n  v iv o  

are amino acids. However, the possibility of synthesis from lower fatty acids does 
exist and Gray, Pilgrim, Rodda & Weller (1952) and Van Campden & Matrone (1960) 
showed that acetate could be converted to butyrate, and propionate to valerate by 
mixed rumen micro-organisms. Amongst the pure cultures of rumen bacteria studied 
butyrivibrio strains will utilize acetic acid, presumably in the formation of butyric 
acid. Other rumen bacteria are stimulated by small amounts of lower fatty acids, 
although some of the acids may be incorporated into cell constituents and not be the 
precursors of higher acids (see pp. 299, 300.)
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